Comparative neuroanatomy within the context of deep metazoan phylogeny by Heuer, Carsten Michael
Comparative Neuroanatomy within the  
Context of Deep Metazoan Phylogeny 
 
 
 
Von der Fakultät für Mathematik, Informatik und Naturwissenschaften 
der Rheinisch-Westfälischen Technischen Hochschule Aachen 
zur Erlangung des akademischen Grades 
eines Doktors der Naturwissenschaften 
genehmigte Dissertation 
 
vorgelegt von 
 
Diplom-Biologe  
Carsten Michael Heuer 
aus Düsseldorf 
 
 
Berichter: 
Herr Universitätsprofessor Dr. Peter Bräunig 
Herr Privatdozent Dr. Rudolf Loesel 
 
 
Tag der mündlichen Prüfung: 08.03.2010 
 
 
Diese Dissertation ist auf den Internetseiten der Hochschulbibliothek online verfügbar. 
  
Summary 
 
Comparative invertebrate neuroanatomy has seen a renaissance in recent years. Highly 
conserved neuroarchitectural traits offer a wealth of hitherto largely unexploited characters that 
can make valuable contributions in inferring phylogenetic relationships in cases where 
phylogenetic analyses of molecular or morphological data sets yield trees with conflicting or 
weakly supported topologies. Conversely, in those cases where robust phylogenetic trees exist, 
neuroanatomical features can be mapped onto the trees, helping to shed light on the evolution 
of the central nervous system. This thesis aims to provide detailed neuroanatomical data for a 
hitherto poorly studied invertebrate taxon, the segmented worms (Annelida). Drawing on the 
wealth of investigations into the architecture of the brain in different arthropods, the study 
focuses on the identification and description of possibly homologous brain centers (i.e. 
neuropils) in annelids. 
The thesis presents an extensive survey of the internal architecture of the brain of the ragworm 
Nereis diversicolor (Polychaeta, Annelida). Based upon confocal laser scanning microscope 
analyses, the distribution of neuroactive substances in the brain is described and the 
architecture of two major brain compartments, namely the paired mushroom bodies and the 
central optic neuropil, is characterized in detail. It is concluded that the central optic neuropil 
cannot be confidently homologized with similarly unpaired neuropils in the arthropod brain, 
but that annelid and arthropod mushroom bodies are probably homologues. This proposed 
homology is further explored by comparing 3D reconstructions of mushroom body neuropils 
and associated structures in the polychaete species Nereis diversicolor, Harmothoe areolata, 
and Lepidonotus clava with a 3D model of the mushroom bodies in the insect representative 
Leucophaea maderae. The neuropils are found to share a common principal organization and a 
similar neuroarchitectural integration. Lastly, the occurrence of unpaired midline neuropils, 
mushroom bodies, and associated structures is investigated in a broad taxonomic survey, 
including more than 20 representatives from major groups of the annelid radiation. 
Considerably complex brains, sometimes comprising mushroom bodies and other 
subcompartments, are only observed in errant polychaetes but not in sedentary polychaete 
species, nor in clitellates representatives. 
The implications of an assumed homology between annelid and arthropod mushroom bodies 
are discussed in light of the ‘new animal phylogeny’. It is concluded that the homology of 
mushroom bodies in distantly related groups has to be interpreted as a plesiomorphy, pointing 
towards a considerably complex neuroarchitecture inherited from the last common ancestor, 
Urbilateria. Within the annelid radiation, the lack of mushroom bodies in certain groups is 
explained by wide-spread secondary reductions owing to selective pressures unfavorable for 
the differentiation of elaborate brains. Evolutionary trajectories of mushroom body neuropils in 
errant polychaetes remain enigmatic. 
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Deep Metazoan Phylogeny – old views and new hypotheses  
 
“Nothing in biology makes sense except in the light of evolution” – the much cited title of an 
article by the evolutionary biologist Theodosius Dobzhansky, published in 1973, is as relevant 
today as it was then. According to the theory of evolution as presented by Charles Darwin in 
‘The Origin of Species’ (1859), all contemporary species share a common history through their 
ancestry. Unraveling this history and understanding the phylogenetic relationships between 
organisms provides a fundamental framework for all biological disciplines, from molecular 
biology and biochemistry to physiology, behavior, and ecology (Futuyma 1998).  
In the field of phylogenetics, which emerged in the decades following 1859, the study of 
morphological features – including adult anatomy, embryonic development and the analysis of 
fossil remains – used to provide the principal source for the inference of evolutionary 
pathways. However, with the advent of powerful methodological tools in molecular biology 
and their subsequent application in phylogenetic research, morphology has lost its “monopoly 
as the only arbiter in matters of genealogy” (Jenner 2006). In metazoan systematics, the 
analysis of molecular data has severely challenged traditional views and introduced new 
hypotheses that have resulted in a profound rearrangement of our understanding of animal 
phylogeny (Halanych 2004). The foundation for the ‘new animal phylogeny’ (Adoutte et al. 
2000) was laid in the mid-1990s by two seminal publications that focused on the sequence of 
the nuclear small ribosomal subunit (18S) gene for phylogenetic inferences. Halanych et al. 
(1995) proposed the clade Lophotrochozoa, comprising annelids, molluscs, and the three 
lophophorate taxa – brachiopods, phoronids and bryozoans. Two years later, Aguinaldo et al. 
(1997), introduced the clade Ecdysozoa as to include arthropods, onychophorans, tardigrades, 
nematodes, nematomorphs, priapulids, loriciferans and kinorhynchs. In synthesis, these data 
suggested that the bilaterian radiation forms three major clades: Deuterostomia, 
Lophotrochozoa, and Ecdysozoa (Fig. 1.1). This molecular phylogeny contrasted with the 
traditional, morphology-derived understanding of metazoan evolution (Fig. 1.2) in several 
aspects, with the relative position of the arthropods probably being the most striking 
discrepancy. Morphologists had always regarded the serial iteration of functional units along 
the anterior-posterior body axis, i.e. the segmentation, of arthropods and annelids as a strong 
argument for uniting both groups – with onychophorans as a transitional form in between – in a 
single clade called Articulata (Cuvier 1817). Consequently, many specialists were reluctant to 
adopt the new phylogeny (e.g. Ax 1999, Nielsen 2001) and expressed their skepticism about 
the reliability of molecular data (Wägele et al. 1999), the robustness of the phylogenetic signal 
(Wägele and Misof 2001), the lack of well-defined morphological synapomorphies (Scholtz 
2002, 2003), and the apparent contradictory conclusions from the same data source (Jenner and 
Scholtz 2005). Conversely, the Ecdysozoa hypothesis was also challenged on its own turf by a 
number of molecular studies which failed to find support for an arthropod/cycloneuralian clade 
(e.g. Blair et al. 2002, Dopazo et al. 2004, Krauss et al. 2005, Rogozin et al. 2007).  
However, the increase in molecular data available for phylogenetic reconstructions over the 
last decade is dramatic and is reflected in an average rate of 15 phylogenetic trees published 
per day (Rokas 2006). The vast bulk of this data – including the latest, most comprehensive 
study on metazoan phylogeny by Dunn et al. (2008) – supports the Ecdysozoa/Lophotrochozoa 
topology, so that today many specialists in the field consider the Articulata-Ecdysozoa 
controversy to be decided in favor of the new animal phylogeny.  
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Yet, although morphology may no longer be the main source of phylogenetic insights, the 
molecular findings still need to be reconciled with morphological data. In this regard, 
morphology represents an independent touchstone for any new molecular phylogeny. 
Particularly in cases where molecular analyses yield incongruent or weakly supported 
phylogenies, morphological characters can help to assess the probability of a given topology. 
As molecular approaches have not yet been able to answer all open questions concerning the 
animal tree of life, it seems that the most promising approach to achieve resolution lies in an 
integrative analysis of as much data as possible – from both, the molecular and the 
morphological field. Morphologists will contribute to such a ‘total evidence analysis’ not only 
Figure 1.1 The new view of animal phylogeny. The depicted tree is largely based on molecular data 
and is intended to be slightly conservative, hence poorly resolved issues are shown as polytomies. 
Taken from Halanych (2004). 
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by critically re-evaluating well-established characters (e.g. segmentation), but also by adding 
new data for character complexes which have not yet been used in the reconstruction of deep 
metazoan phylogeny.  
 
The contribution of neurophylogeny 
 
The use of neural characters for the inference of phylogenetic relationships – now usually 
referred to as “Neurophylogeny” (Harzsch 2002) – is by no means a new approach. It is 
interesting to note in this regard, and in light of the afore-mentioned Articulata/Ecdysozoa 
Figure 1.2 The traditional view of animal phylogeny. The depicted tree is intended to illustrate major 
concepts derived from the analysis of morphological characters. Taken from Halanych (2004). 
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controversy, that one of the key features Cuvier (1817) used to divide the animal kingdom into 
the four ‘embranchements’ (Vertebrata, Mollusca, Articulata, and Radiata) was indeed the 
structure of the nervous system. Similar to Aristotle, who deemed animals to be distinguished 
from other orders of creation by their ability to sense and perceive things, Cuvier regarded the 
organization of the nervous system to be one of the most principal characters in his 
classification. In defining the Articulata, he wrote: “The third general form is that of insects, 
worms, &c. Their nervous system consists of two cords extending along the belly, and swelled 
out at regular intervals into knots or ganglia. The first of these placed on the oesophagus, 
though called the brain is not much larger than the rest.” While Cuvier’s view on 
neuroanatomy may seem rather coarse from a modern perspective, it clearly underlines an early 
fascination with the nervous system and the notion that such a complex organ might provide 
valuable information for the grouping of animals.  
One century later, this idea was taken up again by the Swedish neuroanatomists Nils 
Holmgren (1916), and later his pupil Bertil Hanström (1928). They were among the first to 
describe the internal architecture of the brain for a wide variety of invertebrate taxa and also 
explored the relevance of neuroanatomical characters in understanding phylogenetic 
relationships, mainly focusing on arthropod genealogy (Fig 1.3). Their descriptions, however, 
were sometimes rather superficial, and the original data that they presented was in many cases 
of poor quality. 
While again almost a hundred years have passed since the works of Holmgren and 
Hanström, the field of comparative invertebrate neuroanatomy has regained momentum in 
Figure 1.3 Hanström’s classic illustration of arthropod relationships as inferred from 
neuroarchitectural characters. Note how the Tetraconata hypothesis (Dohle 2001) is anticipated by 
proposing a close relationship between crustaceans and insects. Taken from Hanström (1926). 
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recent years. This renaissance is largely founded on methodological advancements such as 
immunohistochemical cell-labeling techniques, improved imaging systems, and software 
applications that allow the three-dimensional reconstruction of neural structures. To match 
these technological developments and the accumulating amount of neuroanatomical data, 
Kutsch and Breitbach (1994) proposed a catalogue of criteria for comparing neuroarchitectural 
traits across species. Covering the entire range of structural resolution, these criteria set an 
indispensable standard for assessing the homology of neural structures – which is prerequisite 
for any phylogenetic consideration. 
Of late, neuroarchitectural features of the brain have been successfully utilized in two 
different ways. In those cases where robust phylogenetic trees exist, the neuroanatomical data 
can be mapped onto the trees, making it possible to retrace the evolution of individual brain 
centers. Recent examples are studies of Loesel et al. (2002) and Strausfeld (2005) where 
evolutionary trajectories of architectural features of the central body and of the optic lobe in the 
brain of arthropods were suggested. In those cases where phylogenetic analyses of molecular or 
morphological data sets yield trees with conflicting or weakly supported topologies, the 
resolution can be increased by adding novel character matrices derived from the wealth of 
largely unexploited neuroarchitectural characters. Strausfeld et al. (2006a) for instance have 
scored 118 independent neural characters to derive a phylogenetic tree of the euarthropod/ 
onychophoran clade. This cladogram supports the monophyly of the Tetraconata, a taxon that 
comprises hexapods and crustaceans. Also based on brain anatomy, Fanenbruck and Harzsch 
(2005) have proposed to place the Remipedia – formerly believed to be a basal crustacean 
group – close to the “higher” crustaceans, the Malacostraca. This reassessment was based on 
the astonishingly complex brain architecture in remipedes, which matches the conditions found 
in higher crustaceans. 
Until yet, neurophylogenetic studies have mainly been restricted to arthropods (for a brief 
synopsis see Loesel 2005), largely due to the fact that the literature on the brain anatomy of this 
phylum is vast.  
 
Arthropod neuroarchitecture outlined 
 
Insects represent the largest class of arthropods and the most species-rich group of all animals. 
Considering their enormous agricultural, economical, and medical importance for mankind 
(Hill 1997), it may come as no surprise that the insect brain is best investigated among all 
invertebrate brains. Besides the huge amount of studies on developmental, physiological, and 
biochemical aspects, detailed neuroarchitectural descriptions are available for a wide variety of 
insect species. Recent technological advancements have even made it possible to generate 
three-dimensional atlases of complete brains – so-called standard brains – for a number of 
species, e.g. Drosophila melanogaster (Rein et al. 2002), Apis mellifera (Brandt et al. 2005) 
and the desert locust Schistocerca gregaria (Kurylas et al. 2008). The principal organization of 
the insect brain is therefore well understood and provides a good starting point for an 
introduction into arthropod neuroarchitecture.  
Like all arthropod brains, the insect brain is internally divided into an outer cortex that 
contains the neuronal cell bodies (somata) and a central region where the dendritic and axonal 
arborizations of these cells form a dense meshwork. This meshwork of fibers is 
compartmentalized into distinct regions, so-called neuropils, which can usually be easily 
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identified due to surrounding glial sheaths. Figure 1.4a depicts major compartments of the 
insect brain – the paired mushroom bodies (shaded in red), the unpaired central complex 
(green), and the olfactory glomeruli (yellow) residing in the antennal lobes. These neuropils 
are, however, not only basic components of the insect brain, but are highly conserved across 
the arthropod radiation and are even present in the brain of onychophorans (Fig. 1.4b).  
 
The mushroom bodies act as centers for sensory integration (Gronenberg 2001) and memory 
formation (Heisenberg 2003). They are the most prominent neuropils in the brain and can 
easily be identified by their characteristic architecture (Farris and Roberts 2005). Dorsally, the 
mushroom body neuropil is capped by an aggregation of thousands of small cell bodies 
(colored in blue), which are termed Kenyon cells in insects (Strausfeld 1976). The parts of the 
neuropil which are embedded in this mass of somata are recognized as calyces. The calyces are 
formed by dendrites of the Kenyon cells and represent the major input region of the mushroom 
bodies. The main input received by the calyces is olfactory. It originates from the olfactory 
glomeruli in the antennal lobes and is conveyed via the antennocerebral tract (colored in grey). 
The rest of the mushroom body neuropil is shaped by the axons of the Kenyon cells. Densely 
Figure 1.4 (a) Internal 
architecture of a generalized 
insect brain. Modified from 
Strausfeld (1998). (b) 
Internal architecture of the 
brain in the onychophoran 
Euperipatoides rowelli. 
Modified from Strausfeld et 
al. (2006a).  
ab arcuate body, αl alpha 
lobe, βl beta lobe, ca calyx, 
cc central complex, kc 
Kenyon cells, lo lobes, og 
olfactory glomeruli, pd 
peduncle. 
INTRODUCTION 
17 
packed and arranged in parallel, the axons constitute a stalk-like peduncle that extends anterio-
ventrally and then bifurcates into an arrangement of medial and vertical lobes. These lobes 
represent the major output region of the mushroom bodies. 
Neuropils that adhere to the architectural organization of insect mushroom bodies are also 
found (albeit not analyzed in as much detail) in myriapods (Holmgren 1916, Hanström 1928, 
Strausfeld et al. 1995, Loesel et al. 2002), chelicerates (in the older literature referred to as 
“corpora pedunculata”; Holmgren 1916, Hanström 1928, Strausfeld and Barth 1993, 
Wegerhoff and Breidbach 1995, Strausfeld et al. 2006a, b), and onychophorans (Strausfeld 
2006a, b, Fig. 1.4b). Crustaceans on the other hand, do not seem to possess mushroom bodies. 
In the Malacostraca (higher crustaceans) and in the homonomously segmented Remipedia 
interneurons originating in the olfactory lobes innervate the so-called hemiellipsoid bodies. 
These either reside in the eyestalks or in the protocerebrum and are associated with thousands 
of densely packed somata of globuli cells, the ramifications of which contribute to the internal 
matrix of the hemiellipsoid bodies. This neuropil, however, does not comprise a peduncle and 
elongated lobes, thus being dissimilar to the external shape of the hexapod mushroom bodies 
(Hanström 1928, Sandeman and Scholtz 1995, Strausfeld et al. 1995, Fanenbruck and Harzsch 
2005). While these differences in outward morphology might be regarded as insignificant, 
some authors have suggested that globuli cells and hemiellipsoid bodies might not be 
homologous to the insect’s Kenyon cells and mushroom bodies, respectively (Strausfeld and 
Hildebrand 1999). This view is supported by the observation that several crustacean groups 
such as the Branchiopoda and the Maxillopoda do not possess hemiellipsoid bodies 
(Fanenbruck and Harzsch 2005). As long as the internal phylogeny of the crustaceans is not 
satisfactorily resolved, the question whether hemiellipsoid bodies are homologous to the 
mushroom bodies of hexapods and other arthropod taxa remains open.  
 
The central complex plays a role in limb coordination (Strausfeld 1999), locomotion control 
(Strauss 2002), and navigation (Heinze and Homberg 2007). It is situated in the centre of the 
insect brain and is composed of three constitutive, interconnected subunits: The unpaired 
central body which is situated in the middle of the neuropil assembly, the likewise unpaired 
protocerebral bridge and the paired lateral accessory lobes. The protocerebral bridge and the 
lateral accessory lobes are connected by columnar and tangential neurons that form horizontal 
layers in the central body.  
Unpaired midline neuropils can be observed in representatives of most arthropod clades but 
are not always arranged in a central complex-like manner. Such a characteristic assembly has 
only been described for insects (e.g. Williams 1975, Homberg 1987, Hanesch et al. 1989) and a 
small number of crustacean taxa (Malacostraca: Utting et al. 2000, Loesel et al. 2002; 
Remipedia: Fanenbruck and Harzsch 2005; Branchiopoda: Harzsch and Glötzner 2002). The 
brain of chilopods exhibits only a single unpaired midline neuropil which shares structural 
similarities with the central body (Loesel et al. 2002). In diplopods, on the other hand, a similar 
neuropil is lacking – a condition that has been attributed to a secondary reduction of 
neuroanatomical complexity in this group (Loesel et al. 2002). A single unpaired midline 
neuropil is also present in chelicerates where it was termed ‘central body’ by Holmgren (1916). 
However, contrary to the insect central body which mediates between the protocerebral bridge 
and the lateral accessory lobes, the chelicerate ‘central body’ lacks satellite neuropils and is 
directly connected to sensory neuropils and to postoral neuropils (Strausfeld et al. 1993, 
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Strausfeld 1998). Strausfeld (1998) therefore introduced the new term ‘arcuate body’ for this 
midline neuropil. Despite the different connectivity of the chelicerate arcuate body, a critical 
reassessment of the homology of unpaired midline neuropils in the different arthropod taxa 
revealed neuroarchitectural similarities between the arcuate body and the central body (Loesel 
et al. 2002, Loesel 2004). The presence of an arcuate body that strongly resembles the 
chelicerate neuropil in the onychophoran species Euperipatoides rowelli (Fig. 1.4b) led 
Strausfeld et al. (2006b) to propose an ancestral ground pattern for the unpaired midline 
neuropils in arthropods. According to this hypothesis, an unpaired midline neuropil composed 
of rectilinear arranged fibers arose only once in the arthropod stem lineage and gave rise to the 
onychophoran/chelicerate arcuate body as well as the chilopod/insect central body. 
 
Olfactory glomeruli are clearly demarcated, dense globular neuropils that usually occur in 
clusters. They act as first order integration centers for odor information, receiving direct input 
from olfactory receptors and projecting to the mushroom bodies. In the insect brain, the 
olfactory glomeruli are arranged in two deutocerebral clusters, the so-called antennal lobes. 
These clusters provide a means for the spatial representation of chemosensory information 
(Hildebrand and Shepherd 1997).  
Clusters of olfactory glomeruli occur in all major arthropod taxa. Their homology, 
however, is doubtful. This is partly due to the relative position that they occupy in the nervous 
system of different species. In insects and crustaceans, olfactory glomeruli are situated in the 
deutocerebrum. In onychophorans, they are located in the protocerebrum and in chelicerates, 
olfactory glomeruli occur in the neuromere of whichever segment provides an appendage 
equipped with odor receptors (Strausfeld et al. 1998). The fact that spheroid neuropils with a 
similar function are also present in other protostome taxa and in vertebrates further discourages 
attempts to homologize these structures.  
 
Thesis aims 
 
The wealth of investigations into arthropod neuroanatomy has promoted the use of 
neuroarchitectural characters in phylogenetic studies and has facilitated the identification of 
brain centers that are highly conserved (e.g. mushroom bodies) in this most diverse and 
species-rich group of animals. For none-arthropod invertebrates, however, the amount of 
neuroanatomical data available is much more limited. Moreover, attempts at comparative 
analyses of neuroarchitectural traits in different taxa are often hampered by the diversity of 
methodological approaches used to generate these data (e.g. different staining techniques). To 
remedy this situation, current efforts in the field aim not only for more detailed 
neuroanatomical investigations of hitherto poorly studied invertebrate taxa, but also for a closer 
coordination of individual projects to ensure the compatibility of the produced data (e.g. 
Harzsch and Müller 2007, Rothe and Schmidt-Rhaesa 2008). Thus, our understanding of 
protostome brain diversity and evolution will be furthered and new characters sets that can 
enhance the accuracy of phylogenetic reconstructions in taxa which are still poorly resolved 
will be unlocked.  
One of the most problematic taxa in current systematics is the erstwhile sistergroup of the 
arthropods, the annelids. While molecular studies now firmly root the segmented worms within 
the Lophotrochozoa, the internal phylogeny of the Annelida “remains one of the most vexing 
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problems in invertebrate phylogenetics” (Rouse et al. 2008). Containing over 16,500 described 
species, members of this ancient phylum are most abundant in marine environments but have 
also successfully invaded fresh water and damp terrestrial habitats (Brusca and Brusca 2003). 
Traditionally, two major groups are distinguished: Clitellata (including earthworms and 
leeches) and Polychaeta (mostly marine worms). However, over the last few years a number of 
other taxa, formerly considered to be separate phyla, have been proposed to fall into the 
annelid radiation. These include the Pogonophora (Rouse and Fauchald 1998, McHugh 1997), 
the Echiura (neuroanatomical evidence Hessling 2002, molecular evidence Struck et al. 2007), 
the Sipuncula (neuroanatomical evidence Wanninger 2005, molecular evidence Struck et al. 
2007), and possibly the Myzostomida (Bleidorn et al. 2007). While these inclusions indicate 
progress in the field of annelid systematics, the picture is not necessarily getting clearer as 
relationships among the various groups are still far from being satisfactorily resolved. This is 
aptly illustrated by the question if Polychaeta itself is still a valid taxon. Contrary to traditional 
classifications, recent molecular and morphological evidence indicates the Clitellata to be 
derived polychaetes, which would render “Polychaeta” paraphyletic (McHugh 1997, 
Bartolomaeus et al. 2005). Another unsolved issue concerns the placement of the root of the 
annelid radiation and the uncertainties regarding the identification of the most basal annelid 
taxa (Rouse and Pleijel 2003).  
Similar to the situation in other none-arthropod invertebrates, investigations into the 
neuroarchitecture of the annelid brain are rather sparse when compared to the amount of 
studies focusing on arthropod neuroanatomy. The pioneering works of Holmgren (1916) and 
Hanström (1928) remain among the most comprehensive accounts on the comparative 
neuroanatomy of adult annelids available to date. Beyond the intra-taxonomic comparison of 
brain morphologies in various annelid representatives, these authors also compared the 
neuroarchitecture of annelids to that of arthropods, postulating homologies between brain 
regions and sketching evolutionary pathways. While these hypotheses were not severely 
questioned at the time when Annelida and Arthropoda were generally regarded as sistergroups 
constituting the Articulata, the new animal phylogeny seems to warrant a critical reassessment 
of the homology of these neural structures. Above that, an improved understanding of annelid 
neuroanatomy can yield novel neuroarchitectural characters that can aid in answering some of 
the open questions in annelid systematics by supplementing existing character matrices. The 
aim of the present work, therefore, is to expand the knowledge about the architecture of the 
annelid brain by providing new morphological data for a wide range of annelid taxa, ensuring 
intra- as well as inter-taxonomic comparability by using a pre-defined set of 
immunohistochemical markers. Specifically, the present work aims to answer the following 
questions: 
 
• Does the brain of annelids contain clearly demarcated subcompartments? If so, how 
are these neuropils structured and how are they connected to each other and to the 
periphery? 
 
• Do any of these neuropils occur across a wider range of taxa? Is it possible to identify 
highly conserved neuropils in the annelid radiation? 
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• If there are neuropils that occur across a wide range of taxa, how high is the degree of 
variation in different species? 
 
• Is there a phylogenetic signal in the distribution of these neuropils? 
 
• Do any of these neuropils in the annelid brain resemble the highly conserved 
neuropils of the arthropod brain? 
 
• How similar are these neuropils to the highly conserved neuropils in arthropods – or, 
in other words: can primary homology hypotheses be formulated? 
 
 
 
  
 
 
 
 
 
 
 
Neuroanatomy of the polychaete  
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Introduction  
 
The ragworm Nereis diversicolor MÜLLER, 1776 (Nereiididae, Phyllodocida, Annelida) 
inhabits estuarine and coastal mudflats throughout Europe, where it often reaches high 
abundances. Its wide distribution is favored by a high physiological tolerance to extreme 
variations in environmental factors as well as omnivorous and adaptive feeding habits, which 
include carrion scavenging, active predation on small crustaceans and conspecifics, surface 
deposit feeding and suspension feeding by means of mucus nets (Fauchald and Jumars 1979, 
Fidalgo e Costa et al. 2006). N. diversicolor is a motile polychaete with a well developed brain 
that receives input from a variety of sensory organs, including four eyes, prostomial antennae, 
well-developed palps, nuchal organs, and peristomial cirri. 
Early descriptions of the neuroanatomy of this species were provided by Holmgren (1916) 
and later by his pupil Hanström (1928). Holmgren (1916) observed that neuronal perikarya in 
N. diversicolor form discrete clusters and designated them with individual numbers. He also 
identified a prominent pair of neuropils that were later termed Corpora pedunculata by 
Hanström (1928). Both authors emphasized morphological commonalities between the 
Corpora pedunculata and the mushroom body neuropils in the brain of arthropods and 
proposed the homology of these structures. Later accounts reported the occurrence of similar 
mushroom body neuropils in the nereid species N. vexillosa (Strausfeld et al. 1998) and ‘N. 
bicolor’ (Strausfeld et al. 1995). Holmgren (1916) and Hanström (1928) also described two 
major commissural fiber tracts in the brain of N. diversicolor, namely the nuchal commissure 
and the optic commissure.  
In later studies, immunocytological techniques were used to investigate the presence and 
distribution of neuropeptides in N. diversicolor. For example, Engelhardt et al. (1982) and 
Dhainaut-Courtois et al. (1985) demonstrated the occurrence and distribution of CCK-like 
peptides and a variety of substances immunologically related to vertebrate neuropeptides in the 
perikaryal clusters. The presence of FMRF-amide in the central nervous system of N. 
diversicolor was reported by Porchert and Dhainaut-Courtois (1988). In a subsequent 
biochemical study, Baratte et al. (1991) isolated and characterized RF-amides by means of 
affinity chromatography in the same species. Based on ontogenetic and regeneration studies 
Orrhage and co-workers provided a detailed analysis of the number and position of 
commissures that create an initial scaffold for the developing brain in a wide variety of 
polychaete representatives including N. diversicolor (summarized by Orrhage and Müller 
2005). In the brain of adult animals, however, the initial rope-like pattern of commissural fibers 
is superseded and almost obliterated by the sheer mass of ganglionic neurons. 
In this account we utilized immunofluorescence labeling techniques to describe the internal 
neuroarchitecture of N. diversicolor. These stainings have the advantage that samples are 
suitable for confocal laser scanning microscopy, which provides high spatial resolution and 
facilitates sharp images of neuronal processes throughout the entire thickness of the section. 
Antisera raised against histamine, serotonin, and FMRF-amid were chosen because of the wide 
occurrence of these neuroactive substances. The primary intention of this study, however, was 
not to infer functional roles from transmitter identity. Immunostainings were rather used as a 
morphological tool to label limited subsets of neurons in the brain in order to achieve a finer 
morphological resolution as compared to general neuronal stainings techniques like methylen 
blue or ethyl gallate impregnations.  
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Materials and Methods 
 
Adult specimens of the ragworm Nereis diversicolor MÜLLER, 1776 (Polychaeta, Aciculata), 
caught off the coast of the Isle of Helgoland (Germany), were kindly provided by Prof. Dr. T. 
Bartolomaeus (Freie Universität Berlin, Germany). Further specimens of N. diversicolor were 
obtained during a collection trip to the Isle of Sylt (Germany). Cockroaches of the species 
Leucophaea maderae FABRICIUS, 1792 were bred in laboratory cultures.  
 
Immunohistochemistry 
 
Polyclonal antibodies directed against the widely distributed neuroactive substances FMRF-
amide (Phe-Met-Arg-Phe-NH2, 4 animals), serotonin (5-hydroxytryptamine, 8 animals), and 
histamine (17 animals) were used to reveal the principal neuroarchitecture of the brain. In 
addition, a polyclonal antibody directed against taurine (Antibodies-Online, Germany; at a 
dilution of 1:8000) and a monoclonal antibody directed against synapsin (kindly provided by 
Prof. Buchner, Würzburg, at a dilution of 1:30) were used to further analyze neuroanatomical 
sub-structures.  
Specimens of N. diversicolor were decapitated and the complete heads were fixed overnight 
in 4% paraformaldehyde in 0.1 M phosphate buffered saline (PBS) at room temperature. Brains 
of L. maderae were dissected out of the head capsule under fixative and subsequently 
processed along with the annelid preparations. For anti-histamine immunohistochemistry, 
specimens were fixed overnight in 4% carbodiimide (1-Ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride; Sigma-Aldrich, Steinheim, Germany) in PBS prior to 
paraformaldehyde fixation. After fixation, specimens were rinsed in four changes of PBS and 
then embedded in a gelatine/albumin medium. The gelatine/albumin blocks were hardened for 
16-18 h in 15% formalin in PBS at 8° C and afterwards cut with a vibratome (VT1000S from 
Leica Micro-systems, Germany) into 80-100 µm thick sections. The sections were then washed 
in six changes of PBS with 0.1% Triton X-100 (TX) to increase membrane permeability and 
subsequently pre-incubated overnight in PBS containing 0.5% TX and 5% normal swine serum 
(Jackson ImmunoResearch, West Grove, PA) as blocking reagent. Primary antibodies were 
added directly to this blocking solution and incubated for 26 h at room temperature. The 
following antisera were used: anti-FMRF-amide (developed in rabbit; ImmunoStar, Hudson, 
WI) at a dilution of 1:20000, anti-serotonin (developed in rabbit; Sigma-Aldrich, Saint Louis, 
MO) at a dilution of 1:20000, or anti-histamine (developed in rabbit; Progen Biotechnik, 
Germany) at a dilution of 1:50000. Specificity controls for the antibodies were performed by 
the suppliers by liquid-phase preabsorption of the diluted antisera with 100 µg/ml of FMRF-
amide, 200 µg/ml serotonin conjugated to bovine serum albumin, or 10-100 µg/ml histamine, 
respectively. Immunostainings were completely abolished by these pretreatments.  
After incubation, the sections were washed again in six changes of PBS with 0.1% TX to 
remove excessive antiserum. Primary antibodies were then labeled with secondary antibodies 
conjugated with fluorophores (Cy3-conjugated goat anti-rabbit; Jackson ImmunoResearch, 
West Grove, PA) at a dilution of 1:2000 in PBS containing 0.5% TX and 1% normal swine 
serum over night at room temperature. Following the removal of the secondary antiserum, 
counterstaining of cell nuclei was carried out by incubating the sections with DAPI (4’,6-
Diamidinophenyindole, dilactate; Sigma-Aldrich, Steinheim, Germany) at a dilution of 1:1000 
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in PBS for 12 min. Subsequently, sections were rinsed again in several changes of PBS 
containing 0.1% TX and then mounted on chrome alum/gelatine-coated glass slides under glass 
coverslips using Elvanol (mounting medium for fluorescent stainings after Rodriguez and 
Deinhard 1960). 
Preparations were analyzed with a confocal laser-scanning microscope (TCS SP2 from 
Leica Micro-systems, Germany). Cy3 fluorescence was detected using the helium/neon laser 
(excitation wavelength 543 nm, detection range 555-700 nm), DAPI fluorescence using the 
diode-laser (excitation wavelength 405 nm, detection range 410-550 nm). Autofluorescence of 
the tissue was visualized with the argon/krypton laser (excitation wavelength 488 nm, detection 
range 500-535 nm). Images were further processed using the software provided with the Leica 
microscope and global imaging enhancement procedures (contrast, brightness) of ‘Adobe 
Photoshop CS’. Superposition functions of ‘Adobe Photoshop CS’ were used to generate 
overlay images of double-stained specimens and composite images. 
 
Retrograde staining 
 
A fluorescent lipophilic dye was used to trace the palpal nerve in 7 specimens of N. 
diversicolor. Fixation of the animal’s heads was carried out according to the protocol described 
above.  
Heads of freshly fixed specimens were pinned in a Sylgard® dissection dish. Working under 
the stereomicroscope, sharp dissection forceps and a micro-scissor were used to cut off the tip 
of one palp of the animal. A Vaselin® well was build around the lesion site by using a 
Vaselin®-filled syringe equipped with a drawn-out rubber tube. The dish was then filled with 
PBS containing 0.1% ethylenediaminetetraacetic acid (EDTA). EDTA was added to all buffer 
solutions to reduce diffusion of the dye out of the membranes and increase the sharpness of the 
staining (Hofmann and Bleckmann 1999). A drop of DiI (1,1’-dioctadecyl-3,3,3’3’-
tetramethlylindocarbocyanine perchlorate; Molecular Probes, Inc., Eugene, OR) diluted in 
dimethyl-sulfoxide (DMSO) was put into the well which was then sealed with Vaselin®. The 
Sylgard® dishes were covered and preparations were incubated for 26-28 days at 34°C. Buffer 
solutions were changed at regular intervals. 
Processing of the incubated preparations followed the descriptions provided above: 
specimens were rinsed in four changes of PBS with 0.1% EDTA and then embedded in the 
gelatine/albumin medium. Blocks were hardened for 16-18 h in 15% formalin in PBS at 8° C 
and afterwards cut with a vibratome into sections of 80-100 µm thickness. These were then 
incubated with DAPI (4’,6-Diamidino-phenylindole, dilactate; Sigma-Aldrich, Steinheim, 
Germany) at a dilution of 1:1000 in PBS for 15 min. Subsequently, sections were rinsed in four 
changes of PBS containing 0.1% EDTA and then mounted on chrome alum/gelatine-coated 
glass slides under glass coverslips using Elvanol. Preparations were analyzed with the confocal 
laser-scanning microscope. 
 
Results 
 
The brain (supraesophageal ganglion) of Nereis diversicolor is situated at a posterior position 
in the prostomium between the two pairs of eyes (Fig. 2.1). Connections of the brain to sensory 
organs are provided by two pairs of optic nerves and several peripheral nerves, the most 
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prominent of which are the palpal and the antennal nerves. The brain is surrounded by a 
neurolemmal sheath and consists of a central neuropil region that is covered by a rind of 
perikarya. These perikarya are arranged in distinct clusters, forming individually identifiable 
ganglionic nuclei that have originally been assigned numbers by Holmgren (1916). Since our 
stainings did not always allow for sharp discrimination between neighboring clusters, nuclei 
were combined to larger clusters but labeled adhering to Holmgren´s original nomenclature 
(Fig. 2.1c). Two major neuropils can be distinguished from the central neuropil mass, the 
Figure 2.1 (a) Autofluorescence image of a horizontal section through the head of N. diversicolor 
(anterior is towards the top of the picture). Prostomial antennae (pa) and parts of the antennal nerves 
(an), bundles of the buccal musculature (bm), a central neuropil region (cn) and a pair of mushroom 
bodies (mb) are discernable. Efferents from the anterior and posterior eyes (ae, pe) fuse to form the 
optic neuropil (on) that is embedded in the central neuropil. Scale bar: 100 µm. (b) Schematic 
horizontal and (d) frontal overview of the supraesophageal ganglion within the head. Note that one of 
the paired mushroom bodies is only lightly shaded to allow for underlying structures to be seen. ec 
circumesophageal connective, p palps, pc prostomial cirri, pn palpal nerve. (c) Diagram representing 
the gross distribution of ganglion cell groups in the brain, dorsal (left) and ventral (right) view 
(modified from Engelhardt et al. 1982) 
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paired mushroom bodies and the central optic neuropil. All three antisera (directed against 
serotonin, FMRF-amide and histamine) produced immunopositive reactions in subpopulations 
of neuronal perikarya and their arborizations. 
 
Serotonin immunoreactivity 
 
The serotonin antiserum gave immunostainings in a limited number of perikarya 
(approximately 18-20 per hemisphere). Individual immunostained cells were located in the 
dorsal (nuclei 8-11), anterior (nucleus 4), lateral (nuclei 13+14) and posterior (nuclei 15-22) 
regions of the brain (Fig. 2.2a,b). A group of prominently stained cell bodies was furthermore 
found at the anterio-ventral border of the central neuropil (nuclei 23-25, Fig. 2.2 c,d). 
Serotonin-immunoreactive (-ir) fiber tracts originating from the circumesophageal 
connective, from the medial nerve (“first nerve”), and from the antennal nerve innervate the 
brain (Fig. 2.2b-d). A high density of immunostained fibers was also apparent in the palpal 
nerve (Fig. 2.3a-c). They could be traced from the mushroom bodies (Fig. 2.7b) anteriorly to 
the tips of the palps, where the nerve dispersed into a multitude of fine fibers (Fig. 2.7a). 
Serotonin-immunofluorescence in the central neuropil revealed a dense meshwork of fibers 
(Fig. 2.3d-e), but only the course of a few prominently stained axonal arborizations was 
traceable (Fig. 2.2b-d). 
 
FMRF-amide-like immunoreactivity 
 
The FMRF-amide antiserum gave the strongest immunoreactive signal of all antisera tested, 
labeling cells in almost all ganglionic nuclei (approximately 130-150 cells per hemisphere). A 
dense aggregation of immunostained perikarya was found in the lateral and posterior regions of 
the brain (nuclei 5-7, 13+14, 15-22), but numerous immunoreactive cells were also observed 
dorsally (nuclei 8-11) and anteriorly (nucleus 4) of the central neuropil (Fig. 2.2e). While 
immunoreactivity in the central neuropil showed a dense meshwork of fibers interspersed with 
presumably pre-synaptic varicosities, the mushroom bodies were devoid of FMRF-ir (Figs. 
2.6c, 2.8b,c).  
 
Histamine immunoreactivity 
 
Approximately 40 neurons per hemisphere showed histamine-ir. A small number of stained 
perikarya were present in the anterior and posterior part of the brain (nuclei 4 and 15-22, 
respectively). Lateral to the central neuropil approximately 10 cells formed a conspicuous 
cluster adjacent to the margin of the anterior eyes. Located dorsal to the optical nerve, this 
cluster could not be assigned to any of the nuclei described by Holmgren (1916) (Fig. 2.2f). 
The remainder of histamine-ir cells was located dorsally in nuclei 8-11 (not shown).  
Immunostained fibers formed characteristic patterns within the central neuropil (Fig. 2.2f). 
Most noteworthy among these are the densely innervated optic neuropil and a median 
butterfly-shaped region in the midst of the neuropil. Histamine-immunoreactive fibers could 
also be traced in the palpal and the antennal nerves. 
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Figure 2.2 (a-d) Consecutive horizontal sections (proceeding ventrad) showing serotonin 
immunoreactivity in the brain of N. diversicolor. (a) In the dorsalmost section, the paired mushroom 
bodies (mb) appear as distinctive structures protruding from the central neuropil. Individual 
immunoreactive perikarya and a subepidermal neuronal plexus (sp) can be observed. (b, c) 
Immunostained perikarya are located anteriorly, laterally, and posteriorly to the likewise 
immunoreactive central neuropil (numbers indicate ganglionic nuclei). Among the nerves containing 
immunoreactive fibers are the medial nerve (mn), which projects into nucleus 4, the palpal nerve (pn) 
and the prominently stained circumesophageal connective (arrowheads). The brain is penetrated by a 
tube of connective tissue (arrow). (d) Several serotonin-immunoreactive cells lie at the anterio-
ventral border of the central neuropil (nuclei 23-25). (e) FMRF-amide-like immunoreactivity in 
horizontal brain sections reveals numerous perikarya surrounding the central neuropil. While 
immunostaining is also present in the central neuropil, distinctive patterns in the neuronal network are 
not discernable. (f) In comparison, histamine immunostaining is restricted to fewer neurons, most 
notably among them a cluster of approximately 10 cells at the posterio-medial margin of the anterior 
eyes (circle). Immunostained nerve fibers form characteristic patterns within the central neuropil, 
exhibiting a particularly high density in the optic neuropil (arrowheads) and a butterfly-shaped 
region in the centre of the fiber mass (arrow). Scale bars: 200 µm (a), 100 µm (b, c, d) 40 µm (e), 80 
µm (f) 
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Figure 2.3 Overlay image series (serotonin immunostaining in red, DAPI nuclear labeling in blue) of 
6 consecutive frontal sections through the head of N. diversicolor (proceeding posteriorly from a to f). 
(a-c) A dense mass of prominently stained globuli cells (gc) indicates the position of the mushroom 
bodies. Immunoreactive fibers in the palpal nerve (pn) can be traced from the palpal tips (not shown 
here) to the mushroom bodies (compare Fig. 2.7a,b). A well developed subepidermal neuronal plexus 
is visible in the palps (arrowheads). (d-e) The main mass of the central neuropil (cn) lies between 
and slightly ventral to the anterior (ae) and posterior eyes (pe). Immunostained fibers in the 
circumesophageal commissure (ec) emanate ventro-laterally from the central neuropil (compare Fig. 
2.1). ip inverted pharynx, pc peristomial cirrus. Scale bar: 200 µm 
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Figure 2.4 (a) Autofluorescence image of a horizontal section through the optic neuropil (on) showing 
two distinct layers (brackets). (b) In the same section, histamine immunoreactivity reveals a crescent-
shaped neuropil (circle) that lies caudally to the tube of connective tissue penetrating the brain 
(asterisk) and adjacent to the central optic neuropil. (c-f) Overlay images (FMRF-amide-like 
immunoreactivity in red, autofluorescence in green) of 4 consecutive horizontal sections through the 
optic neuropil (proceeding ventrad). While immunostaining in the central neuropil (cn) is abundant, 
immunoreactivity in the optic neuropil is scarce and mainly found in the anterior layer of the neuropil. 
Scale bars: 40 µm  
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Central optic neuropil 
 
Under autofluorescence conditions, the central optic neuropil is visible as a clearly outlined 
structure embedded in the central neuropil (Fig 2.1a). The bilaterally symmetrical neuropil is 
innervated by the fused afferents from the anterior and posterior eyes and lies dorsally in the 
posterior part of the brain (Fig. 2.1). High magnification revealed this structure to be riddled 
with pre-synaptic profiles and commissural fibers. The latter are concentrated at the anterior 
half of the neuropil, resulting in a two-layered appearance (Fig. 2.4a). 
This separation into distinct layers was also made visible by FMRF-amide-like 
immunoreactivity, which gave stainings only in the anterior layer (Fig. 2.4c-f). The two-
layered substructure was not apparent in the serotonin immunostainings, which marked 
longitudinally oriented fibers in both layers, nor by the, albeit pronounced, histamine 
immunoreactivity in the neuropil (Fig. 2.2f). In addition, the histamine antiserum revealed a 
small, median, crescent-shaped condensation of varicose terminals adjacent to the optic 
neuropil (Fig. 2.4b). 
  
Figure 2.5 Morphology of the mushroom bodies in N. diversicolor, series of 12 consecutive sections, 
starting dorsally (a) and proceeding ventrad in reading direction (b-l). Densely aggregated globuli cell 
somata (gc) surround the core neuropil (cn). A fissure (arrows) divides the cell body assembly into a 
larger anterior and a smaller posterior mass. The core neuropil forms several protuberances within the 
anterior mass. Further ventrally, the core neuropil gives rise to a peduncle-like stalk (pd) that 
terminates in three lobular structures (I, II, III, indicated by arrowheads). Scale bar: 80 µm 
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Mushroom bodies 
 
The paired mushroom bodies are the most conspicuous subcompartments in the brain of N. 
diversicolor. They are located at the anterior corners of the roughly trapezoid brain, with their 
apical part protruding from the central neuropil at the level of the anterior eyes (Figs. 2.1, 2.2a, 
2.3c). This part forms several finger-like protuberances, the exact shape of which was observed 
to vary in different specimens. Their margins are clearly outlined in DAPI nuclear stainings 
Figure 2.6 Overlay images of immunostained (red) and cell nuclei labelled (blue) horizontal sections 
of the brains of the cockroach L. maderae and the ragworm N. diversicolor. (a) Neuroarchitecture in 
L. maderae as revealed by serotonin immunoreactivity. Prominent neuropils are the unpaired central 
body (cb) that is flanked on both sides by the mushroom bodies. The mushroom bodies comprise 
axonal outgrowths of densely packed Kenyon cells (kc) that form the calyces (ca), the peduncle (pd), 
and vertical (not shown here) and medial lobes (ml). The mushroom bodies receive olfactory input 
from the antennal lobes (al) via the antennocerebral tract (arrowheads). (b, c) Section through one of 
the paired mushroom bodies of N. diversicolor. Within a clearly outlined region of densely packed 
globuli cell somata (gc), a core neuropil (cn) receiving serotonin immunoreactive terminals of palpal 
nerve fibers is visible. Fibers of the tentacle nerve pass the mushroom body laterally (arrowheads). A 
peduncle-like stalk (pd) terminating in a lobed structure emanates ventrally from the globuli cell 
mass. While the peduncle is devoid of FMRF-like immunoreactivity, the lobed region is surrounded 
by a network of immunostained fiber tracts and presumably pre-synaptic swellings. Also, fibers of the 
circumesophageal connective (arrow) and immunostained perikarya (ganglionic nucleus 26) are 
visible. bm buccal musculature. (d) High magnification image of the calyx region in L. maderae 
compared to (e) N. diversicolor. Scale bars: 200 µm (a), 40 µm (b, c, d), 20 µm (e)  
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that reveal a mass of densely packed globuli cells (diameter ~ 5µm) surrounding the apical part 
of the mushroom bodies (Figs. 2.1b, 2.6b,e). The globuli cell region extends from posterio-
dorsal towards anterio-ventral. A fissure divides it into a larger anterior and a smaller posterior 
cell mass (Fig. 2.5b,c). Ventrally, the finger-like protuberances fuse and form a peduncle-like 
stalk (Fig. 2.6c). Embedded in the central neuropil, the stalk extends posteriorly and bends 
inwards to terminate in three lobed structures (Fig. 2.5f-l). Compared to the two medial ones 
(numbered II and III in Fig. 2.5h,j,k), the first lobe to arise from the peduncle (numbered I in 
Fig. 2.5f) is minute. 
Figure 2.7 (a) Composite image of three adjacent captions showing serotonin immunoreactive fibers 
in the palpal nerve (pn). Towards the palpal tip, the nerve bifurcates several times and splits up into 
numerous equally distributed fibers that project into the sensory epithelium. (b) Frontal section 
through the anterior part of the mushroom body. Serotonin immunoreactivity (red) reveals fibers of 
the palpal nerve (pn) invading the core neuropil (cn), which is surrounded by globuli cells (gc). (c) 
Horizontal and (d) frontal brain section showing retrograde staining of the palpal nerve with DiI 
(yellow-orange). Nerve fibers terminate in small spheroid compartments (palpal glomeruli, pg), that 
lie adjacent to the mushroom body peduncle (pd). ae anterior eye, lo anterior lobe of the mushroom 
body. Scale bars: 80 µm (a), 40 µm (b, c, d)  
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Projecting through the palpal nerve, a serotonin-ir fiber tract could be traced from the palpal 
tips to the finger-like protuberances of the mushroom bodies (Figs. 2.7a, 2.3a-c). There, these 
fibers terminated in a multitude of varicose swellings (Fig. 2.7b). Additional experiments, 
utilizing the lipophilic tracer DiI for retrograde stainings of the palpal nerve, revealed fibers of 
the nerve to also invade clusters of small spheroid compartments lying adjacent to the outer 
margin of the mushroom body peduncle (Fig. 2.7c,d).  
The mushroom body protuberances showed no affinity towards histamine and FMRF-
amide antisera. Furthermore, none of the three regular antisera (anti-serotonin, anti-histamine, 
anti-FMRF-amide) would produce immunostaining in intrinsic components of the peduncle-
like structure or the mushroom body lobes (2.6c). However, FMRF-amide-like 
immunoreactivity revealed an aggregation of presumably pre-synaptic swellings along the 
neuropil boundary (Figs. 2.6c, 2.8c) and serotonin immunoreactivity marked fine fibers 
crossing the boundary between the lobe and the central neuropil (Fig. 2.8b).  
The application of an antibody directed against taurine – observed to mark specific subsets 
of Kenyon cells in the cockroach Leucophaea maderae, thereby staining parts of the apical 
region of the mushroom bodies (calyces) and revealing a lamellar organization of the 
mushroom body lobes (Fig. 2.9a) – failed to produce staining in the polychaete globuli cells 
and did not generate specific patterns in the polychaete mushroom body neuropil (Fig. 2.9b). 
Figure 2.8 (a) Synapsin immunoreactivity in a horizontal section through the head of N. diversicolor 
(anterior is towards the top of the picture). Within the clearly delineated mushroom body neuropil, 
staining intensity is highest in the ventral lobe (lo, equivalent to III in Fig. 2.5 j, k) and diminishes 
gradually towards the core neuropil (cn). (b) Overlay showing a confocal projection of FMRF-amide-
like immunoreactivity in nerve fibres and pre-synaptic endings (red) surrounding the ventral lobe. The 
projection is superimposed onto a single section through the mushroom body (blue) for topological 
reference. (c) In comparison, serotonin immunostaining (red) shows fiber tracts penetrating into the 
lobe from the central neuropil. Arrowheads indicate immunostained fibers of the circumesophageal 
connective. ae anterior eye, gc globuli cells, pd peduncle. Scale bars: 80 µm (a), 20 µm (b), 40 µm 
(c). 
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The application of an antiserum directed against synapsin, on the other hand, produced staining 
within the mushroom body neuropil that showed a high signal intensity in the lobes and 
gradually diminished towards the apical part of the neuropil (Fig. 2.8a). 
 
Discussion 
 
In this study we demonstrated the presence and mapped the distribution of serotonin, 
histamine, and FMRF-amid immunoreactivity in neurons of the brain of N. diversicolor. 
Double-labeling experiments using immunohistochemistry in combination with the nuclear 
marker DAPI enabled us to closely examine and characterize the most prominent neuropils in 
the brain, the mushroom bodies, in detail. Combining CLSM imaging processes for 
autofluorescence and immunostainings, we analyzed the central optic neuropil, revealing its 
two-layered composition and rejecting its purely commissural structure. Our observations 
showed that each of the neuroactive substances tested occurred only in a limited number of 
perikarya and neuropil fibers, FMRF-amide immunoreactivity being more widely distributed in 
the brain than either serotonin-ir or histamine-ir. This abundance of FMRF-amidergic neurons 
very possibly results from cross-reactivity of the antiserum to structurally related FR-amides, 
e.g. FTRF-amid or a methionine sulfoxide derivative of FMRF-amid (Baratte et al. 1991). 
 
Mushroom bodies 
 
Our observations on the principal structure of the brain of N. diversicolor are in accordance 
with Holmgren’s (1916) and Hanström’s (1928) descriptions. The conspicuous bilaterally 
paired neuropils that were named “Corpora pedunculata” by Hanström have been termed 
mushroom bodies in this account due to their overall similarity with structures in euarthropod 
and onychophoran brains for which this designation is commonly used (Strausfeld et al. 
Figure 2.9 Taurine immunoreactivity (red) in cell nuclei labeled (blue) brain sections of (a) L. 
maderae and (b) N. diversicolor. In the cockroach, the antiserum stains subpopulations of globuli cells 
(gc), revealing individual fiber bundles in the calyx region (ca) and a striated organization of the 
median lobe (ml). Polychaete globuli cells show no immunoreactivity towards taurine; the antiserum 
produces only scattered staining in the brain. Probably unspecific staining can also be observed in 
fiber bundles of the buccal musculature (bm). pe posterior eye. Scale bars: 200 µm (a), 80 µm (b) 
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2006a). The neuroarchitecture of the nereid mushroom bodies matches the one found in 
euarthropods/onychophorans in several aspects: Afferents carrying sensory information invade 
the anterior part of the mushroom bodies. Among arthropods, the morphological appearance of 
this region varies in different clades. In many insects, for instance, it is of a cup-like shape 
(compare Fig. 2.6a,d) whereas in onychophorans it forms finger-like protrusions (compare 
Strausfeld et al. 2006b); the latter resembles the state observed in N. diversicolor. Independent 
of its diverse shape, the anterior region is always surrounded by perikarya of thousands of 
small diameter globuli cells (termed Kenyon cells in insects, Fig. 2.6a,d). The axonal 
outgrowths of these cells form a bundle of parallel fibres, the peduncle (compare Fig. 2.6a to 
2.6c), that extends posteriorly and medially. In insects, in diplopods, and in onychophorans, the 
peduncle splits up in several lobes that are believed to be the main output regions of the 
mushroom bodies (Strausfeld et al. 1998). In N. diversicolor, the peduncle breaks up into one 
minute and two larger lobes. Aggregations of synaptic swellings surrounding these lobes and 
the occurrence of fine extrinsic – possibly dendritic – fibers raise the possibility that the lobes 
serve as output structures in this species, as well. This notion is further supported by the 
observation of an intense synapsin immunoreactivity of the mushroom body lobes, indicating a 
particularly high density of synapses in this region.  
Our findings showed that sensory input to the mushroom bodies of N. diversicolor is 
provided by fibers of the palpal nerve which directly innervate the finger-like protrusions in the 
anterior part of the neuropil. In addition to this, retrograde DiI stainings revealed subsets of 
palpal nerve fibers to terminate in a cluster of spheroid compartments situated next to the 
mushroom body peduncle. As the palps of N. diversicolor have been reported to carry 
chemosensory receptors (Dorsett and Hyde 1969), it is presumable that the palpal nerve 
conveys chemosensory information and that the spheroid structures at its end represent 
olfactory glomeruli. This interpretation is in accordance with observations of Strausfeld et al. 
(1998), who described olfactory glomeruli associated with the mushroom bodies in Nereis 
vexillosa, and also in another polychaete species, Arctonoe vittata (Polynoidae). In the nereid, 
they reported the olfactory receptor endings to form small glomeruli next to the mushroom 
body peduncle, in which globuli cell dendrites appear to connect with the receptor fibers. A 
similar condition is also implied in a schematic drawing of the brain of Nereis virens by 
Hanström (1928), in which the corresponding region is labeled as ‘palpal glomeruli’. 
The connectivity of the mushroom bodies in N. diversicolor bears a close resemblance to 
the conditions observed in euarthropods/onychophorans. In insects, chelicerates, millipedes, 
centipedes, and in onychophorans, neuroanatomical evidence suggests that the mushroom 
bodies are second-order neuropils of the olfactory pathway. In these taxa, primary sensory 
input is provided to olfactory glomeruli from where the information is passed on to the 
mushroom bodies (Strausfeld et al. 1995). However, our results show that the mushroom 
bodies of N. diversicolor are also directly innervated by fibres of the palpal nerve – a situation 
that is not commonly encountered in any arthropod species. In this context, an interesting 
single finding was provided by Rössler et al. (1999). In this study, the normal development of 
olfactory glomeruli in the hawk moth Manduca sexta was artificially inhibited during 
ontogenesis. Ingrowing axons of olfactory receptor cells that therefore did not find their 
original targets, kept on growing into the protocerebrum and directly innervated the calyces of 
the mushroom bodies. This demonstrates that in an insect, a targeting mechanism that directs 
olfactory receptors to the mushroom bodies is existent but normally not utilized. Such a 
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targeting mechanism might be interpreted as an evolutionary relict dating back to deep-time 
ancestors of arthropods that did not have glomeruli as part of the olfactory pathway. This 
would imply that mushroom bodies preceded olfactory glomeruli in evolution, and that a direct 
innervation of the mushroom bodies by olfactory receptor fibers represents the ancestral state 
(see Scholtz and Edgecombe 2005). In this regard, the dual innervation of the mushroom 
bodies in N. diversicolor could be indicative of a gradual reorganization of the innervation 
pattern, induced by the development of olfactory glomeruli. 
Considering the structural similarities in mushroom bodies in “errant” polychaetes and in 
arthropods/onychophorans it is tempting to infer a common phylogenetic origin of these like-
named neuropils. However, in homologizing mushroom bodies, two major problems arise: 
First, according to the Ecdysozoa hypothesis, annelids and arthropods are placed at distant 
branches of the protostome phylogenetic tree. If Ecdysozoa really forms a valid clade, the 
homology of annelid/arthropod mushroom bodies would entail wide-spread secondary 
reductions and/or reversals in nemathelminthes and tardigrades as well as in the 
lophotrochozoan taxa. Second, the problem of homologizing mushroom bodies is further 
underlined by the fact that as yet there is no consent in the scientific community as to the 
question whether mushroom bodies are homologous within the arthropods themselves. Namely 
crustaceans do not seem to possess mushroom bodies similar to those found in other 
arthropods. In decapods, interneurons originating from the olfactory glomeruli terminate in a 
dense neuropil, frequently referred to as the hemiellipsoid body, which is situated just proximal 
to the optic lobes (Mellon et al. 1992). The hemiellipsoid bodies do not comprise parallel fibers 
of globuli cells but, instead, are compact glomerular neuropils (Strausfeld 1998). The lack of 
agreement on mushroom body homology within arthropods, as well as the distant phylogenetic 
relationship between annelids and arthropods as proposed by the Ecdysozoa/Lophotrochozoa 
hypotheses commend caution in homologizing these highly similar structures. 
 
Central optic neuropil 
 
The central optic neuropil (CON) was interpreted to be a commissural tract by Holmgren 
(1916) and Hanström (1928). Sensu strictu, this would imply that this girder-shaped structure 
comprises only fibers that link the brain hemispheres and that it is devoid of any synaptic 
connections. However, our autofluorescence observations revealed the CON to consist of at 
least two layers. While the anterior layer indeed contains elongated profiles that most likely 
represent commissural axons, the posterior layer is riddled with round profiles. The size of 
these profiles matches the size of presumably pre-synaptic endings that were labeled in 
histamine and serotonin stainings. The synaptic profiles were not restricted to the posterior 
layer of the CON but were observed in the anterior layer as well. These findings strongly 
suggest that what we now call the central optic neuropil serves as an important brain center that 
connects the visual system with the central brain.  
The intrinsic architecture of the CON in N. diversicolor shows no obvious resemblance to 
any neuropile in the arthropod brain. With respect to its layered structure, the optic innervation, 
the elongated shape, and its position in the posterior half of the brain, the CON might be 
compared to the arcuate body (central body) of chelicerates (Strausfeld et al. 1993, Loesel et al. 
2002, Loesel et al. 2005) and onychophorans (Strausfeld et al. 2006a,b). However, the absence 
of palisade-like columnar fibers forming characteristic chiasmata at the midline of the brain 
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represents a major dissimilarity that impedes the homologization of these neuropils. Attempts 
to demonstrate such columnar elements in the CON by employing a polyclonal antibody 
directed against the neuropeptide allatostatin proved fruitless. While the antiserum produces 
prominent immunostaining in the central complex of insects (Vitzthum et al. 1996, Loesel et al. 
2002), only sparse, scattered, and probably unspecific immunostaining could be observed in 
the CON of N. diversicolor. Likewise, additional experiments that applied Bodian’s Reduced 
Silver method to stain paraffin brain sections did not increase the level of anatomical 
resolution. Thus, while a more detailed description of the cellular architecture of the CON and 
its connectivity to the small, crescent-shaped neuropil lying adjacent to it is clearly called for, 
future studies will have to exploit alternative staining techniques to reveal more details about 
this conspicuous neuropil. 
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Introduction 
 
Mushroom bodies are lobed neuropils which are formed by the processes of thousands of 
small-diameter globuli cells located dorsally in the invertebrate central nervous system 
(Strausfeld et al. 1998). The characteristic architecture of these prominent neuropils is best 
described in insects (Fig. 3.2a, see also Chapter 1). Here, somata of globuli cells – which, in 
insects, are termed Kenyon cells (Strausfeld 1976) – form an aggregation that caps the dorsal 
part of the neuropil. Within the somata assembly, Kenyon cell dendrites form so-called calyces, 
which represent the major input region of the mushroom bodies. The axons of the Kenyon cells 
are densely packed and arranged in parallel, thus building a stalk-like peduncle that emanates 
ventrally from the aggregated globuli cell bodies. The peduncle eventually bifurcates and 
terminates in an arrangement of anterior and median lobes. These lobes represent the major 
output region of the mushroom bodies.  
Neuropils of a similar structural composition have also been observed in representatives of 
the other euarthropod lineages (Strausfeld et al. 1998) and in the onychophoran Euperipatoides 
rowelli, REID 1996 (Strausfeld et al. 2006a, b). Outside the arthropod radiation, early accounts 
(Holmgren 1916; Hanström 1927) have described mushroom body neuropils (i.e. ‘corpora 
pedunculata’) for a number of polychaete annelids, homologizing them with their arthropod 
counterparts. In some polychaete species, mushroom body architecture conforms to the 
hexapod ground pattern in many aspects. In the polychaete annelid Nereis diversicolor for 
instance, the mushroom bodies show a calyx region as well as a peduncle that splits into an 
arrangement of terminal lobes (see Chapter 2). However, while detailed investigations into the 
neuroarchitecture and the internal scaffolding of the developing polychaete central nervous 
system are readily available (Orrhage and Müller 2005), literature on the comparative anatomy 
of annelid mushroom bodies that exceeds the pioneering works of Holmgren (1916) and 
Hanström (1927, 1928) is scarce to none-existent. Our knowledge about polychaete mushroom 
bodies, therefore, is clearly limited when compared to the rich body of investigations into the 
anatomy (reviewed in Strausfeld 1998; Farris 2005) and function (reviewed in Heisenberg 
2003) of arthropod – especially hexapod – mushroom bodies. 
The homology of mushroom bodies was not severely questioned when Annelida and 
Arthropoda were generally regarded as sistergroups constituting the Articulata. However, in 
light of the bulk of molecular studies that place annelids into the Lophotrochozoa (Halanych et 
al. 1995) and arthropods within the Ecdysozoa (Aguinaldo et al. 1997) a critical reassessment 
of the homology of these neuroanatomical structures appears warranted. In this framework, the 
present account aims to examine variation in mushroom body architecture in polychaetes by 
comparing the mushroom bodies and associated neuropils in the species Nereis diversicolor, 
Harmothoe areolata, and Lepidonotus clava. In order to comprehend the morphological 
complexity of these neuroanatomical structures as best as possible, neuropils were visualized 
as three-dimensional surface reconstructions (which can also be interactively manipulated and 
inspected when viewing the PDF version of this document with the Adobe Reader software). 
The highly detailed reconstructions allow for an in-depth analysis of organizational similarities 
and differences in these three polychaete species.  
By adding to our understanding of mushroom body anatomy in polychaetes, we take a step 
towards tracing evolutionary trajectories of these brain centers in this group. Ultimately, the 
deduction of a common ground pattern for polychaete mushroom bodies, together with 
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physiological and developmental findings, will provide us with a sound basis for an assessment 
of the possible homology of annelid and arthropod mushroom bodies. 
 
Materials and Methods 
 
Specimens of Harmothoe areolata GRUBE, 1860 and Lepidonotus clava MONTAGU, 1808 (both 
Polynoidae, Phyllodocida, Annelida) were collected in the coastal waters of Ibiza, Spain. 
Nereis diversicolor MÜLLER, 1776 (Nereiididae, Phyllodocida, Annelida) specimens were 
caught off the coast of the Isle of Helgoland, Germany, and were generously provided by Jörn 
von Döhren (Freie Universität Berlin, Germany). Leucophaea maderae FABRICIUS, 1792 
(Blaberidae, Dictyoptera, Arthropoda) was bred in laboratory cultures.  
 
Immunohistochemistry 
 
Immunohistochemical analyses were carried out according to the protocol described in detail in 
Chapter 2 (see page 18). Briefly, polychaete heads and dissected cockroach brains were 
embedded in a gelatine/albumin medium and then vibratome-cut (VT1000S, Leica 
Microsystems, Wetzlar, Germany) into sections of 80-100 µm thickness. Free floating 
vibratome sections were pre-incubated in a blocking solution and then incubated with primary 
antibodies directed against FMRF-amide (Phe-Met-Arg-Phe-NH2, at a dilution of 1:20000; 
ImmunoStar, Hudson, WI) or serotonin (5-hydroxytryptamine, at a dilution of 1:20000; Sigma-
Aldrich, Saint Louis, MO) for 26 hours. Afterwards, sections were rinsed and then incubated 
with secondary antibodies conjugated to the fluorophore Cy3 (at a dilution of 1:2000; Jackson 
ImmunoResearch, West Grove, PA) for 16 hours. Sections were then counterstained with the 
nuclear marker DAPI (at a dilution of 1:1000; Sigma-Aldrich, Steinheim, Germany), rinsed, 
and mounted on alum/gelatine-coated glass slides. 
 
Image acquisition and Computer reconstruction 
 
Preparations were analyzed with a confocal laser-scanning microscope (TCS SP2, Leica 
Microsystems, Wetzlar, Germany). Cy3 fluorescence was detected using the helium/neon laser 
(excitation wavelength 543 nm, detection range 555-700 nm) while fluorescence of the nuclear 
marker DAPI was detected using a diode-laser (excitation wavelength 405 nm, detection range 
410-550 nm). Autofluorescence of the tissue was visualized with the argon/krypton laser 
(excitation wavelength 488 nm, detection range 500-535 nm).  
To check for consistency of neuropil morphology, a total of 29 specimens of N. 
diversicolor, 4 specimens of H. areolata, 4 specimens of L. clava were investigated. In order to 
avoid averaging artifacts and to present the actual architecture of brain structures as accurately 
as possible, 3D reconstructions were based on image stacks obtained from a single, thoroughly 
well-preserved preparation of each species. DAPI-fluorescence was used to reveal the location 
of globuli cell clusters, neuropil borders were visualized through autofluorescence of the tissue. 
Confocal z-series of optical sections taken at regular intervals were generated for each physical 
section containing mushroom body components. This resulted in 5 stacks with a total of 129 
successive optical sections for N. diversicolor, 7 stacks (252 successive optical sections) for H. 
areolata, and 4 stacks (252 successive optical sections) for L. clava. The acquired images were 
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copied into a single folder for each species. Processing of the data and 3D-reconstruction was 
performed with the Amira graphics software package (Version 4.1, Mercury Computer 
Systems Inc., Chelmsford, MA). Slice alignment was carried out by loading all images from a 
given folder and manually aligning the individual image stacks (Fig. 3.1a). To account for the 
z-axial scaling artifacts commonly experienced in confocal microscopy, the aligned image 
stack was re-scaled by a linear factor of 1.6 (Bucher et al. 2000). Serial z-plane sections were 
used to confirm the correctness of this factor. Labeling of structures (i.e. ‘segmentation’) in the 
aligned images was mainly carried out by hand using a graphic tablet (Intuos3 from Wacom, 
Krefeld, Germany) and different labeled structures were saved in separate files (Fig. 3.1b). In 
some instances outlines were interpolated across the space of a few sections by using the 
according tool of the Amira software package. After segmentation, consistency of the labeled 
fields was checked, islands and holes were removed, and the outlines were smoothed. Then, the 
labeled fields were resampled to reduce resolution and enable surface rendering (Fig. 3.1c). 
Primary 3D surface renderings were further refined by means of surface smoothing and 
Figure 3.1 Screenshots demonstrating stages in the creation of 3D reconstructions with the Amira (a-
c) and the Adobe 3D Toolkit (d) software. (a) Image stacks acquired by confocal laser scanning 
microscopy were loaded in Amira and were manually aligned using the ‘Inverted’ view. (b) Neural 
structures (in this case the globuli cell cluster) were labeled by hand using the brush tool and a 
graphics tablet. After labeling, data sets were resampled to decrease size and resolution. (c) Surfaces 
were generated from the resampled data sets. Depending on the complexity of the neural structure, 
different smoothening options (in this case ‘unconstrained smoothing’) were applied during surface 
creation. Surfaces were saved in the wavefront OBJ format. (d) Surfaces of individual neuropils were 
merged with the Adobe 3D Toolkit. Components were assigned specific names and color properties, 
then the complete assembly was saved in the U3D format for import into the PDF file. 
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triangle reduction processes of Amira. Surfaces were then saved in the Wavefront OBJ format 
for further processing and embedding in PDF files. 
 
Assembling and Embedding the 3D model 
 
The next steps were performed with the Adobe Acrobat 3D software (Version 8.1), closely 
following the descriptions provided by Ruthensteiner and Heß (2008). To assemble the 3D 
models, the surface files of different neuropil components were merged using the Adobe 3D 
Toolkit. Surfaces were again smoothed and reduced in complexity, then specific properties 
(name, color, transparency, etc.) were assigned to each surface (Fig. 3.1d). The resulting file 
was saved in the U3D format. In Adobe Acrobat 3D, a 3D frame was inserted at the 
appropriate position of the PDF document, and the U3D file was imported. A figure plate 
displaying different aspects of the 3D reconstruction was inserted as ‘poster’. While the poster 
appears as a regular figure plate in the printed version of the document, it serves as an 
interactive button to activate the 3D mode when viewing the electronic version of the PDF with 
the Adobe Reader software (version 8.0 or higher). Lastly, functions of the Adobe Acrobat 3D 
software were used to generate pre-defined viewing angles for interactive navigation.  
 
Results 
 
The three-dimensional structure of insect mushroom bodies is well known. As a proof of 
concept, and to provide a reference for annelid mushroom body reconstructions, computer 
reconstruction methodology was used to generate a 3D model of a mushroom body in the 
cockroach L. maderae (Fig. 3.2a). The 3D model illustrates characteristic aspects of the 
architecture of insect mushroom body neuropils: the neuropil is regionalized into a median and 
an anterior lobe, a peduncle, and a set of calyces which are embedded within an aggregation of 
densely assembled Kenyon cell bodies. In L. maderae, the mushroom body peduncle bears two 
calyces of a cup-like shape. The orientation of the anterior lobe in the cockroach is almost 
vertically, whereas the median lobe of the neuropil is slightly bended posteriorly. The median 
lobes of the mushroom bodies of both hemispheres touch at the midline of the brain.  
 
Nereis diversicolor 
 
In N. diversicolor, the brain contains a pair of distinct neuropils which, due to their close 
resemblance to likewise-termed structures in arthropod brains (Fig. 3.2a), have been addressed 
as mushroom bodies (see Chapter 2 for a detailed account). In order to gain a better impression 
of the three-dimensional shape of the nereid mushroom bodies, consecutive confocal image 
stacks were used to generate a surface reconstruction of the neuropil and the associated globuli 
cells (sensu Hanström 1928).  
 
The mushroom bodies of N. diversicolor are composed of a main neuropil and an adjoining 
aggregation of small-diameter globuli cell bodies. They flank the main mass of the brain at the 
level of the anterior eyes (Fig. 3.2b). In volume, the mushroom bodies occupy less space than 
the rest of the brain. Dorsally and anteriorly, the mushroom body neuropil is completely 
encased in densely packed globuli cell somata (Fig. 3.3). The aggregated globuli cell bodies 
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Figure 3.2 (a) Three-dimensional surface reconstruction of a mushroom body of the cockroach 
Leucophaea maderae (Insecta, Arthropoda). Globuli cells (blue) encase the dorsal part of the neuropil 
(red), which forms the so-called calyces (ca). Ventrally, the stalk-like peduncle (pd) emanates from 
the globuli cell bodies. In bifurcating, it gives rise to the anterior (al) and the median lobe (ml). 
Coordinates: a anterior, d dorsal, p posterior, v ventral. (b) 3D surface reconstruction of a mushroom 
body of Nereis diversicolor (Phyllodocida, Annelida), superimposed upon an autofluorescence image 
of a horizontal section through the head of the animal (anterior is towards the top of the picture). Four 
eyes (ey), the central optic neuropil (on) and parts of the buccal musculature (bm) can be discerned in 
the section, providing a context to which the relative position and size of the mushroom bodies (mb) 
can be related. Color code of the 3D model as in (a). (b) Comparable presentation of the 3D surface 
reconstruction of a mushroom body for Harmothoe areolata (Phyllodocida, Annelida). The section 
shows the anterior pair of the four eyes of the animal and the location of the large mushroom bodies. 
The eyes (purple) are nestled within the dense rind of globuli cells (blue) that surround the 
mushroom body neuropil (red). Additionally, the reconstruction shows a posterior cluster of 
glomeruli (yellow) and a small crescent-shaped neuropil structure spanning the midline of the brain 
(green). (d) Comparable presentation of the 3D surface reconstruction of a mushroom body for 
Lepidonotus clava (Phyllodocida, Annelida). The section shows the four eyes and the palps (pa) of 
the animal. Furthermore, two chaetae can be seen (arrowheads), appearing as bright white structures 
due to their refractive properties. Color code of the 3D model as in (c). Scale bars: 200 µm. 
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form two separate clusters – a large anterior and a small posterior cluster (Fig. 3.3a,c). As the 
surface reconstruction displays, all parts of the mushroom body neuropil that are encased in 
globuli cell bodies form finger-like protuberances within the aggregation (Fig. 3.3). Hardly 
detectable in individual two-dimensional confocal images, the 3D reconstruction also reveals 
the intricate, coral-like branching patterns of these protuberances. As they emerge from the 
somata mass, the protuberances of the anterior globuli cell cluster fuse and form a bulky stalk 
(Fig. 3.3c). This structure extents posteriorly, merging with a similar stalk that arises from the 
posterior globuli cell cluster. Further ventral, the neuropil bends inwards and splits up into two 
terminal lobes. The larger of these lobes is situated below and in front of the smaller, posterior 
Figure 3.3 3D surface reconstruction of a mushroom body of the polychaete N. diversicolor, shown 
from the following viewing angles: (a) dorsal, (b) anterior, (c) medial, (d) ventral. The anterior and the 
dorsal parts of the neuropil (red) are encased in a cortex of globuli cell somata (blue). A fissure 
(arrowheads) divides the aggregated globuli cell bodies into a large anterior (ac) and a small 
posterior cluster (pc). Finger-like protuberances of the mushroom body neuropil extend into the 
somata mass, forming intricate, coral-like arborizations. As it emanates from the globuli cell bodies, 
the neuropil forms a solid stalk that ventro-posteriorly splits up into an anterior (al) and a posterior 
lobe (pl).  
If viewed with the Adobe Reader software (version 8 or later), clicking the figure plate will activate 
the 3D mode. In 3D mode, the model can be freely manipulated with the mouse. Using the ‘Model 
Tree’ interface, neural structures can be added or removed from the 3D model by checking or 
unchecking the corresponding boxes. The ‘Model Tree’ interface also offers a number of pre-defined 
views (named self explanatory) of the 3D model.  
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lobe (Fig. 3.3a,c). The third, minute lobe that was described in Chapter 2 (see page 28) is 
barely detectable as small bump in the 3D reconstruction.  
 
Harmothoe areolata 
 
The mushroom bodies of H. areolata are conspicuous structures situated bilaterally in the 
brain. Their dense neuropil is clearly distinguishable under autofluorescent conditions and is 
further outlined by the strong signal of DAPI-labeled globuli cell nuclei under ultraviolet 
excitation. To picture the three-dimensional morphology of the mushroom bodies, a surface 
reconstruction was performed for H. areolata, as well. The 3D model shows that the  
 
Figure 3.4 3D surface reconstruction of a brain neuropils in the polychaete H. areolata, shown from 
the following viewing angles: (a) dorsal, (b) anterior, (c) medial, (d) ventral. A thick mass of globuli 
cell bodies (blue) surrounds most parts of the neuropil (red) and forms indentations to accommodate 
the anterior and posterior eyes (purple). Where it is embedded in globuli cell somata, the neuropil 
forms protuberances. About the dorso-ventral midline (arrowheads), the neuropil proper splits into an 
anterior lobe (al) and a posterior part. While the anterior lobe shows a smooth, unbroken surface, the 
posterior part forms several extensions which establish contact with the central neuropil. Two of these 
extensions (arrows) connect to a cluster of glomeruli (yellow) that lies adjacent to the ventro-
posterior part of the mushroom bodies. Also shown here is a crescent-shaped neuropil region (green) 
that lies between the mushroom bodies and spans the midline of the brain. 
If viewed with the Adobe Reader software (version 8 or later), clicking the figure plate will activate 
the 3D mode.  
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mushroom body neuropil and the associated globuli cell bodies occupy most of the space 
within the head, exceeding the remainder of the brain in size (Fig. 3.2c). Thousands of tiny 
globuli cell bodies cover most parts of the neuropil, with the exception of its ventral and inner 
face (Fig. 3.4). They form a thick cortex in which the four eyes of the animal are partly 
embedded (Fig. 3.2c). The mass of globuli cell bodies shows no apparent separation but forms 
a single continuous cluster. Where the neuropil is surrounded by globuli cell somata, 
protuberances extend into the aggregation. These protuberances are short and stubby in the 
anterior part of the neuropil and more elongated and spiky in the posterior part of the neuropil 
(Figs. 3.4a,d, 3.5b). About the dorso-ventral midline, the neuropil splits into an anterior and a 
posterior part. Extending ventrad, the anterior part forms a relatively smooth, well-defined lobe 
(Fig. 3.4b,c,d). Not depicted in the surface reconstruction, a number of approximately 25-30 
Figure 3.5 Horizontal sections through the head of H. areolata. (a) FMRF-amide-like immuno-
reactivity reveals a small, crescent-shape neuropil (dashed oval) spanning the midline of the brain. (b) 
Autofluorescence image of the ventral part of the mushroom body. The neuropil is split into an 
anterior (al) and a posterior lobe (pl). The latter forms spiky protuberances that project into the mass 
of globuli cell somata (gc) and several extensions that reach towards the central neuropil 
(arrowheads). The two posterior extensions connect to a cluster of glomeruli. pe posterior eye. (c) 
DAPI-labelled horizontal section through the head, slightly more ventral than (b). Medial to the 
globuli cell somata (gc), the paired, posterior glomeruli (pg) clusters are discernable. (d) Detail of the 
anterior lobe (al), corresponding to the marked sector in (b). Under autofluorescent conditions (right 
side), a number of anterior glomeruli (ag) are discernable within the neuropil. Only faintly visible, 
serotonin immunoreactivity (left side) reveals fine fibres braiding individual glomeruli. Scale bars: 
200 µm (a), 80 µm (b, c), 20 µm (d). 
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small spherical structures is distinguishable within this lobe (Fig. 3.5b,d, also displayed in the 
interactive 3D model). As serotonin immunoreactivity reveals, these internal glomeruli receive 
terminals of a large fiber tract that enters the brain anteriorly (Fig. 3.5d). A possible origin of 
these fibers in the palpal nerve could not be positively confirmed by our stainings. 
While the anterior lobe displays an unbroken contour, the inner face of the posterior part of 
the neuropil exhibits several extensions (representing fiber tracts) that emanate from the 
mushroom body and medially merge with the central neuropil of the brain (Figs. 3.4c,d, 3.5b). 
The two ventral-most of these fiber tracts reach out towards – and apparently establish contact 
with – a second group of glomeruli (Fig. 3.4c,d, 3.5c). Contrary to the internal glomeruli of the 
anterior lobe, this group is not embedded within the neuropil but is located externally on the 
Figure 3.6 3D surface reconstruction of brain neuropils in the polychaete L. clava, shown from the 
following viewing angles: (a) dorsal, (b) anterior, (c) medial, (d) ventral. A thick mass of globuli cell 
bodies (blue) surrounds most parts of the neuropil (red) and forms indentations to accommodate the 
anterior and posterior eyes (purple). Where it is embedded in globuli cell somata, the neuropil forms 
protuberances. About the dorso-ventral midline (arrowheads), the neuropil proper splits into an 
anterior lobe (al) and a posterior part. While the anterior lobe shows a smooth, unbroken surface, the 
posterior part forms several extensions which establish contact with the central neuropil. Two of these 
extensions (arrows) connect to a cluster of glomeruli (yellow) that lies adjacent to the ventro-
posterior part of the mushroom bodies. Also shown here is a crescent-shaped neuropil region (green) 
that lies between the mushroom bodies and spans the midline of the brain. 
If viewed with the Adobe Reader software (version 8 or later), clicking the figure plate will activate 
the 3D mode.  
 54 
lower, inner side of the neuropil (Fig. 3.4, 3.5c). Counting about 40-45 glomeruli, this group is 
slightly larger than the anterior one. Also, the glomerular structures themselves are larger than 
those of the anterior cluster. Apart from the mushroom bodies, the central brain of H. areolata 
also contains a conspicuous crescent-shaped neuropil immunopositive towards FMRF-amide 
(Fig. 3.4, 3.5a).  
 
Lepidonotus clava 
 
Similar to the condition observed in H. areolata, the paired mushroom bodies are the most 
dominant structures in the brain of the scaleworm L. clava (Fig. 3.2d). Globuli cell somata 
occupy the entire dorsal part of the prostomium and give rise to large and elaborate mushroom 
bodies. As in H. areolata, the shape of the aggregated globuli cell somata and the mushroom 
body neuropil seems to conform to the contour of the prostomium, causing a comparatively 
more slender appearance of the mushroom bodies in L. clava. Beyond this superficial 
difference, the 3D reconstruction reveals a highly similar neuropil organization. Dorsally, the 
neuropil is capped by a thick cortex of globuli cell somata (Fig 3.6). This aggregation is 
continuous and not divided into separate clusters. Those parts of the neuropil which are 
embedded in globuli cell bodies form short and stubby protuberances that extend into the mass 
of somata. L. clava lacks the elongated spiny extensions described for H. areolata (compare 
Fig 3.6a to Fig 3.4a) and the neuropil protrusions a generally less pronounced than in the other 
two species. At its dorso-ventral midline, the neuropil splits into an anterior and a posterior part 
(Fig. 3.6c). The anterior part forms a smooth lobe that extends anterio-medially (Fig. 3.6b,c,d). 
Spheroid compartments, as described for H. areolata, were not evident in the anterior lobe of 
Figure 3.7 Horizontal sections through the head of L. clava. (a) Serotonin immunoreactivity shows a 
small, crescent-shape neuropil spanning the midline of the brain. (b) Neuropil architecture as inferred 
from the immunostaining presented in (a). (c) Detail of one of the DAPI-labelled horizontal sections 
used in generating the 3D reconstruction. The ventral-most part of the anterior lobe (al) as well as a 
part of the fiber tracts (arrowhead) connecting the mushroom bodies with a posterior cluster of 
glomeruli (pg) is visible. Glomeruli borders are barely discernable. The unpaired midline neuropil 
(dashed oval) is clearly delineated. Scale bars: 80 µm.  
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L. clava. The posterior part of the neuropil splits into several fiber tracts that fuse with the 
central part of the brain (Fig. 3.6c,d). Two of those fiber tracts, emanating posteriorly and 
ventrally from the neuropil, establish contact with another neuropil region lying medially and 
ventrally to the posterior part of the mushroom body neuropil (Fig 3.6c,d). Similar to H. 
areolata, this region contains glomerular structures. However, in the preparation of L. clava, 
the glomeruli are less clearly demarcated than in H. areolata, making it impossible to provide a 
sound estimate of the number of glomeruli in this region (Fig 3.7c). 
A crescent-shaped neuropil is present in the brain of L. clava, as well. It is situated at a 
similar position as in H. areolata and is visible even under autofluorescence conditions (Fig. 
3.7c). In L. clava, the unpaired neuropil shows immunoreactivity towards serotonin. The 
immunostaining reveals that the midline neuropil contains fine arborizations of neurites which 
arise from two bilaterally arranged clusters of serotonergic cells (Fig. 3.7a,b). Additional fibers 
enter the neuropil perpendicularly to the transverse axis (Fig. 3.7a,b)  
 
Discussion 
 
Computer-based three-dimensional reconstruction was chosen as an approach to fully 
comprehend and to compare the complex morphology of the mushroom bodies in N. 
diversicolor, H. areolata, and L. clava. While today, advanced imaging systems and 
sophisticated software tools facilitate the 3D reconstruction of complex neural structures, a first 
computer-based reconstruction of the brain of N. diversicolor had already been presented in the 
mid-1990s (Fewou and Dhainaut-Courtois 1995). This model, however, focused mainly on the 
three-dimensional distribution of ganglionic clusters in the brain and did not depict the intricate 
neuropil structure of the mushroom bodies. Therefore, the current account is very probably the 
first study to present 3D reconstructions of individual polychaete brain structures and to utilize 
the option of embedding 3D models in a PDF file to allow the interactive manipulation and 
exploration of these structures. 
As the comparative analysis of the 3D reconstructions reveals, the neuropils in all three 
species share a common structural composition. Situated laterally in the brain, each mushroom 
body consists of a lobed neuropil which is dorsally capped by – and embedded in – a large 
aggregation of small-diameter globuli cells. The dorsal part of the neuropil forms numerous 
protrusions that extend into this perikaryal mass. Ventrally, the neuropil proper emanates from 
the globuli cell mass as a solid body. In splitting up, this body then forms an arrangement of 
terminal lobular structures.  
The 3D reconstruction of the mushroom bodies in N. diversicolor corroborated the 
principal structural organization inferred from individual two-dimensional images (see Chapter 
2). The dorsal part of the neuropil is embedded in an aggregation of densely assembled globuli 
cell bodies which is divided into a large anterior and a smaller posterior cluster. This contrasts 
with early morphological descriptions from Holmgren (1916), who reported the globuli cell 
somata to be organized in three separated clusters. Within the globuli cell clusters, the 
mushroom body neuropil forms numerous protuberances, resulting in a coral-like appearance 
of the calyx region. A similar structure of the mushroom body calyces has been described in 
the onychophoran E. rowelli (Strausfeld et al. 2006a,b). As it emerges from the globuli cell 
bodies, the neuropil forms a peduncle that extends posteriorly. The peduncle appears to be 
undivided and not to be composed of four stalk-like subunits, an observation that contrasts with 
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the accounts provided by Holmgren (1916) but is in line with the anatomical description of the 
mushroom bodies in ‘Nereis bicolor’ (Strausfeld et al. 1995). In bending towards the midline 
of the brain, the peduncle splits into a larger anterior and a smaller posterior lobe. Small 
clusters of poorly demarcated olfactory glomeruli are situated at the lateral margins of the 
peduncle.  
The three-dimensional models of the mushroom body neuropils in the scale worm species 
H. areolata and L. clava showed a high degree of congruence. The globuli cell bodies in these 
polychaetes form extremely large aggregations that occupy considerable space in the dorsal 
part of the prostomium. They enclose the dorsal parts of large and elaborately lobed mushroom 
body neuropils that flank the central part of the brain. Instead of the coral-like calyx observed 
in N. diversicolor, the dorsal parts of these neuropils form only small and stubby protuberances 
that extend into the globuli cell mass. Also, a well-differentiated, stalk-like peduncle is lacking 
in both species. Rather, the ventral parts of the neuropils split into an anterior and a posterior 
section as they emerge from the globuli cells. Anteriorly, the neuropils form a single lobe that 
extends anterio-medially, posteriorly the neuropils disperse into an arrangement of medial 
extensions that establish a close connection to the central brain and to small clusters of 
olfactory glomeruli. An additional anterior cluster of olfactory glomeruli – probably innervated 
by fibers of the palpal nerve (Hanström 1928) – is situated within the anterior lobe of the 
mushroom bodies in H. areolata. A similar anterior cluster of olfactory glomeruli seems to be 
lacking in L. clava. However, as the posterior glomeruli in L. clava are much more poorly 
delineated than in H. areolata, the apparent lack of an anterior glomerular cluster can possibly 
be attributed to a low anatomical resolution. Similarly, the olfactory glomeruli in N. 
diversicolor were not readily detectable under autofluorescence conditions but could later be 
demonstrated by retrograde tracing experiments (see Chapter 2). 
 
While phylogenetic relationships within the polychaete annelids – as well as in the Annelida as 
a whole – are still poorly understood, current phylogenetic reconstructions indicate a rather 
close relationship between N. diversicolor (Nereiididae) and the two scale worm species H. 
areolata and L. clava (Polynoidae), grouping them together into the order Phyllodocida (Struck 
et. al. 2007). The comparison of mushroom body anatomy in the polynoid species H. areolata 
and L. clava showed only marginal morphological differences, suggesting a low degree of 
morphological variation on the family level. However, differences are more pronounced when 
comparing the polynoid mushroom bodies to that of N. diversicolor. These differences include 
the relative size of the neuropil, the shape of its respective substructures, and even the mode of 
innervation. Variation in the morphological differentiation of mushroom body regions also 
occurs in arthropods. Within the Insecta, for instance, calyx morphology has long been known 
to be highly variable (Dujardin 1850; reviewed by Farris 2005), ranging from a lack of 
discernable calyces in primarily wingless insects (Farris 2005) to an arrangement of two well-
developed, cup-shaped calyces (e.g. Hymenoptera). Similarly, anatomic variation is also 
evident in the number and arrangement of the mushroom body lobes in different groups 
(Strausfeld et al. 2006a).  
Variations in polychaete mushroom body architecture, as displayed by the scale worms and 
N. diversicolor, make it difficult to deduce a common ground pattern for these neuropils. In a 
comparative analysis of polychaete brain anatomy, Hanström (1928) postulated the brain of the 
Polynoidae to be among the most complex in all annelids. In projecting evolutionary 
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trajectories, he proposed the polychaete mushroom bodies (corpora pedunculata) to have 
evolved from simple to increasingly complex structures. Thus, the condition observed in N. 
diversicolor would bear closer resemblance to the ancestral architecture of the neuropils than 
that in H. areolata or L. clava. Not only the complexity of the neuropil structures themselves, 
but also the mode of mushroom body innervation seems supportive of such a hypothesis. The 
mushroom bodies of N. diversicolor are directly connected to the palpal nerve, a feature that 
has been hypothesized to represent an ancestral condition (see Chapter 2). Additionally, the 
nereid mushroom bodies also receive indirect input via olfactory glomeruli lying in close 
proximity to the peduncle. These glomeruli are arranged in poorly demarcated clusters which 
are barely perceptible under autofluorescence conditions. Converesely, the posterior 
glomerular clusters in the polynoid species are spatially well separated from the mushroom 
bodies and form clearly delineated neuropils. Moreover, a direct innervation of the apical part 
of the mushroom body neuropil could not be observed in the scale worm species investigated. 
While the apparent lack of a direct innervation and the well-differentiated olfactory glomeruli   
might be interpreted as derived neuroanatomical features, the evolutionary relation of the 
posterior glomerular clusters in the polynoid species and the olfactory glomeruli in N. 
diversicolor are uncertain. The occurrence of a second cluster of glomeruli, located within the 
anterior lobes of the mushroom bodies in H. areolata, and seemingly receiving projections of 
the palpal nerve, gives rise to the idea of a possible evolutionary correlation between this 
anterior cluster and the olfactory glomeruli in N. diversicolor. In consequence, the posterior 
glomeruli in polynoid polychaetes might have to be interpreted as a novel character. 
While the lack of a robust polychaete phylogeny impedes the quest for an ancestral ground 
pattern of polychaete mushroom bodies, modern visualization techniques and software 
applications that allow 3D reconstructions of neuropil structures represent valuable tools to 
explore the anatomical diversity and the basic characteristics of these neuropils in detail. 
Indeed, the need for 3D-models of polychaete mushroom bodies had already been expressed by 
Hanström some eighty years ago: “Der Bau der Corpora pedunculata […] sollte am besten mit 
Hilfe plastischer Rekonstruktion von so zahlreichen Arten wie möglich untersucht werden, um 
die hier sehr verwickelten Bauverhältnisse in befriedigender Weise auseinanderzusetzen.”  
(“The structure of the Corpora pedunculata […] should best be analyzed with the aid of three-
dimensional reconstructions of as many species as possible in order to comprehend the 
complex morphology in a satisfactory way.” Hanström 1927). 
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Introduction 
 
Annelida is an ancient phylum that comprises over 16,500 described species. Its members 
inhabit nearly all biotopes in marine environments, and occupy fresh water and moist terrestrial 
habitats (Brusca and Brusca 2003). Traditionally, the segmented worms are thought to fall into 
two major groups: Polychaeta (bristleworms) and Clitellata (worms with a specialized 
reproductive organ, the clitellum). Polychaetes represent the larger and more diverse of the two 
groups, a fact that can be attributed to the high evolutionary plasticity of the polychaete body 
plan. In different groups, head appendages (prostomial palps and tentacles, peristomial cirri) 
and body appendages (parapodia) have been modified in numerous ways to suit a wide range 
of lifestyles and feeding strategies, including active predation, scavenging, deposit and 
suspension feeding. Clitellates, in contrast, lack elaborate head and body appendages and thus 
show less diverse body forms. While ectoparasitic members of the Hirudinea (leeches) have 
specialized feeding apparatus that allow them to feed on the body fluids of their hosts, other 
clitellates can be characterized as predators, detritivors or direct deposit feeders.  
Surprisingly, evolutionary relationships within this ecologically important metazoan 
phylum are still poorly understood (McHugh 2000). Clitellates are generally accepted to form a 
monophyletic clade, but phylogenetic relationships within the group are still a matter of debate 
(Martin 2001). Polychaetes have been described as “the most intractable problem of 
phylogeny” (Clarke 1969) and the history of polychaete systematics is accordingly long and 
convoluted (reviewed in Fauchald and Rouse 1997). The most influential traditional concept 
divided the group into the orders Sedentaria and Errantia (Quatrefages 1866), a division that 
was later recognized as a rather arbitrary grouping (Day 1967), useful for practical purposes 
but not representing correct phylogenetic relationships. Due to the lack of conclusive evidence, 
many authors subsequently refrained from grouping the approximately 80 well-established 
polychaete families into higher-ranking taxa. Analyzing morphological character traits across a 
broad range of families, Rouse and Fauchald (1997) provided one of the most comprehensive 
cladistic studies to date. They proposed the Polychaeta to form two major clades, Scolecida 
and Palpata, the latter comprising the Canalipalpata (containing the remainder of the 
Sedentaria) and the Aciculata (containing the remainder of the Errantia). However, not all of 
these groups are strongly supported (Rouse and Fauchald 1997, 1998) and their monophyly has 
been questioned by morphological (Almeida et al. 2003, Bartolomaeus et al. 2005) as well as 
molecular studies (McHugh 2000, Struck et al. 2007, Zrzavý et al. 2009). As yet, a conclusive 
phylogeny for the segmented worms is still lacking and annelid systematic remain “one of the 
most vexing problems in invertebrate phylogenetics” (Rouse et al. 2008).  
Searching for novel characters to further the reconstruction of annelid relationships, several 
authors have looked into the architecture of the central nervous system. The metameric 
organization of the ventral nerve cord in developing stages of Bonellia viridis led Hessling 
(2003) to propose the inclusion of echiurids into the Annelida. Similarly, segmental patterns 
observed during neurogenesis of Phascolion strombus (Wanninger et al. 2005) and 
Phascolosoma agassizii (Kristof et al. 2008) indicate a close affinity of sipunculids and 
annelids. Detailed investigations into the neuroarchitecture and the internal scaffolding of the 
central nervous system across a wide range of polychaete species were provided by Orrhage 
(summarized in Orrhage and Müller 2005). Drawing on innervation patterns, Orrhage 
postulated homology hypotheses for the highly variable head appendages encountered in 
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different polychaete species. In a similar approach, Zanol and Fauchald (2008) presented in-
depth neuroarchitectural descriptions of eunicid polychaetes to elucidate evolutionary 
transformations of the head appendages in this group. Little attention, however, has so far been 
devoted to the neuroanatomy of higher brain centers in annelids and their phylogenetic 
significance. The first accounts to describe such neuropil structures in different annelid species 
were presented by Holmgren (1916) and Hanström (1927, 1928), who reported the occurrence 
of arthropod-like neuropils in the brain of certain polychaetes. More recent studies (Strausfeld 
et al. 1995 and Chapter 2, 3) provided detailed analyses of brain centers in single polychaete 
species, corroborating the high anatomical similarity between the so-called mushroom bodies 
in annelids and arthropods. Although focusing only on nereid and polynoid representatives, 
these investigations also demonstrated the morphological variability of these neuropils in 
different taxa and provided evidence for the correlation of anatomical difference with 
phylogenetic distance.  
In arthropods, the architecture, composition, and organization of brain neuropils have 
already been successfully exploited for phylogenetic purposes (see Chapter 1). Similar studies 
are not yet available for annelids, partly because of the lack of a comparable body of 
investigations into the neuroanatomy of a wide range of annelid representatives. The present 
account aims to remedy this situation by providing comparative descriptions of higher brain 
centers in a broad range of annelid taxa. 
 
Materials and Methods 
 
Polychaete specimens were collected during trips to the Isle of Ibiza (Spain), the Isle of Sylt 
(Germany), and Bergen (Norway). Clitellate specimens were obtained locally. A detailed list of 
the investigated species and the respective collection sites is provided in table 1. The principal 
neuroarchitecture of the brain was revealed by a combination of immunohistochemistry and 
cell nuclei labeling performed on free floating vibratome sections as described in detail in 
Chapter 2 (see page 18). 
 
Results 
 
Immunohistochemical methods were used to analyze brain anatomy and reveal neuropil 
substructures in representatives of over 20 annelid species (see Table 1). Figures 4.1 – 4.4 
summarize the results by showing exemplary horizontal sections of immunohistochemical 
preparations along with schematic drawings depicting characteristic neuroanatomical features 
for each of the investigated species. Additional figure plates present neuroanatomical 
similarities in other, closely related annelid species (Figs. 4.5, 4.6), as well as details on 
neuropil substructures (Figs. 4.7 – 4.9). 
 
Arenicola marina (Arenicolidae, Scolecida, Polychaeta) 
 
The brain of the lugworm A. marina is formed by the dorsal convergence of the two 
circumesophageal connectives (Fig. 4.1a). It consists of two fiber masses which are well-
separated from each other and are only posteriorly connected by sparse fibers bundles 
(arrowhead in Fig. 4.1a). The brain does not contain distinct subcompartments. Neuronal 
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Table 4.1 List of investigated annelid species, including collection sites, ecological background 
information and number of investigated specimens. 
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somata reside dorsally and laterally of the fiber masses; conspicuous aggregations of small 
diameter cells are not apparent. 
 
Ophelia limacina (Opheliidae, Scolecida, Polychaeta) 
 
O. limacina is an infaunal substrate-feeding species with a small, cone-shaped prostomium. 
The brain has an oval to round shape and is situated between two cerebral eyes (Fig. 4.1b). It 
does not contain lobed neuropils nor any other distinct subcompartments. Instead, serotonin- 
and FMRF-immunoreactivity reveal the brain to consist of an undifferentiated neuropil tangle 
which is surrounded by medium to large-sized neuronal somata. Additionally, two populations 
of comparatively small cell bodies are located bilaterally of the posterior part of the neuropil. 
They form a pair of cone-shaped, laterally tapering aggregations which encase small 
protuberances of the central neuropil (arrowhead in Fig. 4.1b). 
 
Scalibregma inflatum (Scalibregmatidae, Scolecida, Polychaeta) 
 
In the sediment-dwelling species S. inflatum, the brain is located in the middle of the T-shaped 
prostomium (Fig. 4.1c). It consists of a central neuropil which is dorsally and laterally covered 
by neuronal somata. While numerous of these somata exhibit FMRF-like immunoreactivity, 
serotonin immunoreactivity is restricted to a limited number of cell bodies, most of which are 
located to both sides of the brain at its anterior-posterior midline (arrowhead in Fig. 4.1c). The 
central neuropil forms a compact fiber mass anteriorly, which gradually tapers into two 
medially separated lobes posteriorly. Distinct neuropil substructures are not distinguishable 
within the fibrous meshwork. Laterally of the posterior lobes, loosely packed aggregations of 
small cell bodies occupy the dorsal part of the prostomium. The border of these cell clusters is 
diffuse and they are not invaded by protrusions of the central neuropil, nor do they surround 
any neuropil components. 
 
Eupolymnia nebulosa (Terebellidae, Canalipalpata, Polychaeta) 
 
The brain of the sedentary polychaete species E. nebulosa is situated above the pharynx and 
has a ribbon-like shape (Fig. 4.1d). It is confluent with – and hardly distinguishable from – the 
circumesophageal connectives, thus forming a ring-shaped neuronal mass around the pharynx 
(a similar condition is observed in Thelepus cincinnatus, see Fig. 4.5c-h). The brain itself 
consists of a neuropil band, which is dorsally and posteriorly covered by neuronal somata. The 
neuropil band is formed by a meshwork of tangled neurites and does not contain discernable 
substructures. However, immunoreactivity towards different antisera reveals a distinct 
stratification within the neuropil band (Fig. 4.5a,b), possibly reflecting functional subdivisions 
of the brain. 
 
► Figure 4.1 Horizontal sections through the heads of scolecid and canalipalpate annelid 
representatives (anterior is towards the top of the picture). Neuroanatomy is revealed by a 
combination of immunohistochemistry (red) and cell nuclei labeling (blue). Immunostainings were 
produced by antisera directed against serotonin (a, c, d) and FMRFamide (b). Schematic drawings 
depict a dorsal view of the head of the animal, with the brain outlined in red and clusters of small-
diameter cells outlined in blue. arrowheads please refer to text, ec circumesophageal connective. 
Scale bars: 100µm 
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Ribbon-shaped brains with a comparatively simple architecture have also been observed in 
the terebelliform polychaete species Pista cristata and Thelepus cincinnatus (Fig. 4.5c-h, 4.6a). 
 
Sabella penicillus (Sabellidae, Canalipalpata, Polychaeta) 
 
The feather duster worm S. penicillus is a tube-dwelling filter feeder. The brain of this 
sedentary polychaete is located at the base of the tentacle crown (Fig. 4.2a). It is composed of 
two bilaterally arranged fiber masses which are dorsally connected by a narrow neuropil band 
(arrowhead in Fig. 4.2a). The neuropil appears undifferentiated and contains no distinct 
subcompartments. Neuronal somata cover the brain neuropil laterally and dorsally but do not 
form conspicuous aggregations. 
Similar neuroanatomical conditions are exhibited by the closely related sabellid species 
Branchiomma bombyx (Fig. 4.6b).  
 
Tomopteris helgolandica (Tomopteridae, Aciculata, Polychaeta) 
 
In the pelagic species T. helgolandica, the brain is situated between a pair of simple lens-eyes 
at a posterior position in the prostomium (Fig. 4.2b). The brain has an oval to rectangular shape 
and consists of an undifferentiated central neuropil which is covered by medium-sized 
neuronal somata on its dorsal side. At the posterior margin of the brain, two roughly 
hemispherical aggregations of small-diameter cell somata are discernable. These globuli cell 
clusters surround small protrusions of the central neuropil that are partly invaded by serotonin-
immunoreactive fibers (Fig. 4.8d). There is no evidence for lobed neuropils associated with the 
globuli cell aggregations within the central neuropil.  
 
Nereis diversicolor (Nereididae, Aciculata, Polychaeta) 
 
The neuroanatomy of N. diversicolor has already been described in detail in Chapter 2. The 
brain has a roughly trapezoid shape and is located between the two pairs of eyes at a posterior 
position in the prostomium (Fig. 4.2c). The most prominent structures in the brain of N. 
diversicolor are two aggregations of globuli cell somata that give rise to clearly demarcated 
mushroom body neuropils. They are situated at the dorsal, anterior part of the brain and form a 
larger anterior and a smaller posterior cluster. They surround the apical parts of the mushroom 
body neuropil, which forms finger-like protrusions within the globuli cell aggregation. 
Emanating ventrally from the globuli cells, the protrusions merge into a massive stalk, which 
bends towards the center of the brain to form two terminal lobes (see Chapter 3). Associated 
with the mushroom body neuropils are two clusters of poorly distinguishable glomerular 
neuropils which receive sensory input from the prostomial palps. The second distinctive 
subcompartment in the brain of N. diversicolor is the optic neuropil. Connecting the four eyes 
 
► Figure 4.2 Horizontal sections through the heads of canalipalpate and aciculate annelid 
representatives (anterior is towards the top of the picture). Neuroanatomy is revealed by a 
combination of immunohistochemistry (red) and cell nuclei labeling (blue). Immunostainings were 
produced by antisera directed against FMRFamide (a) and serotonin (b, c, d). Schematic drawings 
depict a dorsal view of the head of the animal, with the brain outlined in red and clusters of small-
diameter cells outlined in blue. arrowhead please refer to text, ey eye. Scale bars: 100µm 
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of the animal, the dense neuropil resembles an ‘H’ with its vertical lines bended outwards (see 
Fig. 2.1). While its middle part is divided into an anterior and a posterior layer, the optic 
neuropil is otherwise devoid of neuroarchitectural substructures. Adjacent to the optic neuropil, 
histamine immunoreactivity reveals an additional unpaired midline neuropil consisting of a 
crescent-shaped, undifferentiated fiber tangle (see Fig. 4.9b). However, evidence for a possible 
connectivity between this small, crescent-shaped neuropil and the optic neuropil is lacking.  
 
Phyllodoce maculata (Phyllodocidae, Aciculata, Polychaeta) 
 
The brain of the paddle-worm P. maculata is situated between – and slightly anterior of – the 
two eyes of the animal (Fig. 4.2d). Serotonin-immunoreactivity in the dorsal part of the brain 
shows a dense tangle of neurites that derive from peripherally arranged neuronal somata. Cell 
nuclei labeled sections reveal two aggregations of comparatively small cell bodies anteriorly of 
the central neuropil. As the cell bodies form only a loose assembly, the borders of these 
clusters appear rather diffuse. Ventrally, two thick stalk-like fiber bundles emanate from the 
globuli cell clusters and enter the brain (Fig. 4.8c). They extend posteriorly and then, at the 
level of the eyes, bend inwards. In bending towards the center of the brain, the stalks appear to 
split into two parts. Poorly delineated from the rest of the neuropil, these parts are possibly 
confluent with their contralateral counterparts. 
 
Nephtys hombergii (Nephtyidae, Aciculata, Polychaeta) 
 
The brain of the free-living, predatory polychaete N. hombergii is displaced posteriorly and 
occupies a position between the prostomium and peristomium. It has a roughly trapezoid shape 
and is flanked by a pair of cerebral eyes posteriorly (Fig. 4.3a). Though the central part of the 
brain appears largely undifferentiated under autofluorescence conditions, serotonin-
immunoreactivity produces characteristic patterns within the fiber mass, also staining fibers of 
the circumesophageal connectives that arise from the anterio-lateral corners of the brain. A pair 
of poorly delineated neuropil subcompartments is situated dorsally of the roots of the 
circumesophageal connectives (Fig. 4.8b). Barely discernable, these two oval-shaped neuropil 
regions lie adjacent to aggregations of small diameter cell bodies located at the anterio-lateral 
borders of the neuropil. In contrast to the neuropil regions, the globuli cell clusters are well-
defined and exhibit a sharp boundary. 
 
Eunice torquata (Eunicidae, Aciculata, Polychaeta) 
 
In the carnivorous species E. torquata, the brain is located at an anterior position in the 
prostomium. The neuropil consists of a main fiber mass that is situated between the eyes of the 
animal and two anterior lobes lying in front of that fiber mass (Fig. 4.3b). Immunoreactivity 
 
► Figure 4.3 Horizontal sections through the heads of aciculate annelid representatives (anterior is 
towards the top of the picture). Neuroanatomy is revealed by a combination of 
immunohistochemistry (red) and cell nuclei labeling (blue). Immunostainings were produced by 
antisera directed against serotonin (a, d) and FMRFamide (b, c). Schematic drawings depict a dorsal 
view of the head of the animal, with the brain outlined in red and clusters of small-diameter cells 
outlined in blue. al anterior lobe, ec circumesophageal connective, ey eye, pl posterior lobe. Scale 
bars: 100µm 
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towards FMRF-amide and histamine antisera is largely restricted to the main part of the brain, 
with the anterior lobes exhibiting only a comparatively weak signal. While neurites in the main 
fiber mass form a tangled meshwork for the most part, histamine as well as FMRF-like 
immunoreactivity reveal individual fibers to form an unpaired midline neuropil (Fig. 4.9c). The 
midline neuropil is slightly curved posteriorly and comprises distinct columnar components 
that connect two commissural fiber bundles.  
In E. toquata, a huge mass of densely assembled, minute cell bodies is situated in front of 
the brain. Dorsally, these somata form an unpaired aggregation that is continuous across the 
midline of the brain. However, the dorsal part of the aggregation is divided into an anterior and 
a postior part, with many cell bodies of the posterior part exhibiting FMRF-like 
immunoreactivity. Further ventrad, the posterior part gradually diminishes. The anterior part 
separates medially to form bilaterally paired clusters that surround the anterior lobes. Despite 
the presence of large aggregations of minute cells, neither the main part of the brain, nor the 
anterior lobes contain mushroom body-like subcompartments. 
 
Lumbrineris cf. fragilis (Lumbrineridae, Aciculata, Polychaeta) 
 
The brain of L. cf. fragilis is situated at a posterior position in the cone-shaped prostomium. It 
is composed of a main neuropil and a set of large anterior and small posterior lobes (Fig. 4.3c). 
The cerebral neuropil is almost completely enveloped by a cortex of small-diameter cell 
bodies. The densely packed somata form confluent aggregations that surround the anterior 
lobes, the main neuropil, and the posterior lobes on all sides (Fig. 4.8f). They do, however, not 
give rise to any distinctive neuropil substructures. Individual cell bodies in the surrounding cell 
cortex show immunoreactivity towards antisera directed against FMRF-amide and serotonin. 
Immunopositive cell bodies were observed to be associated with all three parts of the brain, but 
were most numerous in the posterior lobes. Immunoreactivity within the neuropil was most 
pronounced in the central part of the brain, where commissural fiber tracts and large parts of 
the neuropil were stained (Fig. 4.8f). Strong immunostaining could also be observed in the 
posterior lobes. In contrast, antisera produced only faint and scattered immunostainings in the 
anterior lobes. 
 
Odontosyllis cf. fulgurans (Syllidae, Aciculata, Polychaeta) 
 
The brain of O. cf. fulgurans is situated in the anterior part of the prostomium and is located 
between the eyes of the animal (Fig. 4.3d). It comprises a triangular to diamond-shaped fiber 
mass that appears largely undifferentiated and contains no discernable subcompartments, as 
well as peripherally arranged neuronal somata. Cell nuclei labeled sections show two 
aggregations of minute cell bodies in each hemisphere. They form a wedge-shaped anterior 
cluster between the eyes and the anterior wall of the prostomium, and a posterior cluster 
 
► Figure 4.4 Horizontal sections through the heads of aciculate and clitellate annelid 
representatives (anterior is towards the top of the picture). Neuroanatomy is revealed by a 
combination of immunohistochemistry (red) and cell nuclei labeling (blue). Immunostainings were 
produced by antisera directed against FMRFamide. Schematic drawings depict a dorsal view of the 
head of the animal, with the brain outlined in red and clusters of small-diameter cells outlined in 
blue. ey eye. Scale bars: 100µm 
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situated laterally behind the eyes (Fig. 4.8e). The anterior clusters encase small, branching 
protuberances of the neuropil. Posteriorly, neuropil protrusions also extend towards the 
posterior clusters.  
 
Hesione pantherina (Hesionidae, Aciculata, Polychaeta) 
 
The brain of H. pantherina is situated roughly in the middle of the prostomium and is flanked 
by two pairs of eyes posteriorly (Fig. 4.4a, Fig. 4.7a-d). The cerebral fiber mass is well 
differentiated. Its dorsal part contains two elaborate neuropils that are associated with paired 
aggregations of minute cell bodies situated in front of the anterior eyes (Fig. 4.7a,b). The 
neuropils have a stem-like shape, formed by the fusion of several lateral branches that 
converge towards the midline of the brain. The lateral branches of the neuropil exhibit FMRF-
like immunoreactivity. FMRF-amide antiserum also produces characteristic patterns in the rest 
of the dorsal fiber mass. Ventrally, the cerebral fiber mass is divided into almost completely 
separated hemispheres (Fig. 4.7c,d). The hemispheres are laterally and posteriorly surrounded 
by densely assembled cell bodies. These aggregations appear to be confluent with the dorsal 
globuli cell clusters and give rise to distinct, converging fiber bundles that merge with the main 
fiber mass. Small clusters of poorly demarcated spheroidal compartments are barely 
distinguishable in the posterior region of the fiber mass (Fig. 4.7c). The ventral part of the fiber 
mass also shows a slight striation (Fig. 4.7d).  
 
Harmothoe areolata (Polynoidae, Aciculata, Polychaeta) 
 
The brain of the scaleworm H. areolata is dominated by a pair of huge mushroom bodies (Fig. 
4.4b). A detailed morphological description of these neuropils has already been provided 
elsewhere in chapter 3. Emerging from two large aggregations of small diameter globuli cells 
located dorsally in the prostomium, each mushroom body neuropil forms a well-defined lobe 
anteriorly and several median extensions posteriorly. The latter establish a close connection not 
only with the central neuropil but also with a clearly delineated cluster of glomeruli lying in the 
ventro-posterior part of the brain. A second group of glomeruli is situated within the anterior 
lobe of the mushroom bodies where it most likely receives input from the palpal nerve (see 
Chapter 3). The central neuropil itself consists of a largely undifferentiated meshwork of fibers. 
However, FMRF-amide-like immunoreactivity reveals a small, crescent-shaped neuropil 
concealed within the meshwork. This unpaired, poorly delineated neuropil is formed by several 
neurites which converge at the brains midline (see Chapter 3). 
Large and well-defined mushroom bodies showing a similar organization have also been 
observed in the polynoid representatives Lepidonotus clava (see Chapter 3) and Sthenelais cf. 
limicola as well as in the aphroditid species Aphrodita aculeata and Neoleanira tetragona. 
Further neuroarchitectural similarities among scaleworm species include the presence of 
glomerular clusters (Fig. 4.8a) and aggregations of fibers forming unpaired midline neuropils 
(Fig. 4.9d,e). 
 
Lumbricus terrestris (Lumbricidae, Oligochaeta, Clitellata) 
 
The brain of the earthworm L. terrestris is dislocated posteriorly and lies on top of the 
esophagus in the third body segment. It has a characteristic bilobed shape, with each of the 
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hemispheres sending out a prostomial nerve anteriorly (Fig. 4.4c). The brain is composed of 
the characteristic arrangement of a central neuropil surrounded by a dense cortex of neuronal 
somata. FMRFamide-like immunoreactivity in the fiber mass reveals commissural tracts but no 
clearly discernable neuropil subcompartments. Neuronal cell bodies are of an equal size and do 
not form conspicuous clusters. 
 
Hirudo medicinalis (Hirudinidae, Hirudinea, Clitellata) 
 
The brain of the leech H. medicinalis is situated posteriorly of the median jaw in the fifth body 
segment (Fig. 4.4d). The brain is comparatively small and of a ribbon-like shape. It consists of 
Figure 4.5 (a,b) Horizontal sections through the brain of Eupolymnia nebulosa. While the ribbon-
shaped brain does not contain distinct neuropil compartments, an anterior-posterior stratification is 
revealed by FMRF-like (a) and histamine (b) immunoreactivity (anterior is towards the top of the 
picture). (c-h) Consecutive horizontal sections (proceeding ventrad in reading direction) showing 
serotonin immunoreactivity in the brain of the terebellid polychaete Thelpus cincinnatus. Similar to 
the condition in E. nebulosa, the brain in this species is confluent with the circumesophageal 
connectives, forming a ring-like band around the esophagus. Neuronal somata are located at the outer 
perimeter of the brain. Scale bars: 200 µm.  
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a largely undivided central fiber mass that includes commissural and columnar elements but 
contains no discernable neuropil subcompartments. The fiber mass is surrounded by a cortex of 
peripherally arranged cell bodies. Dense aggregations of small-diameter neuronal somata are 
lacking. 
 
Discussion 
 
The current study presents data obtained from immunohistochemically stained preparations of 
representatives of approximately 20 different annelid taxa. Antisera against the near-
ubiquitousneuroactive substances serotonin, FMRF-amide, and histamine were used in 
combination with a nuclear marker to label limited subsets of neurons in the brain. 
Immunohistochemistry did not, however, aim at elucidating the internal scaffolding of neurite 
bundles within the brain, but was used as a tool to reveal the presence and architecture of 
higher brain centers.  
The most prominent neuropil structures to be encountered in the annelid brain are the 
paired mushroom bodies that occur in a number of polychaete representatives. Mushroom 
Figure 4.6 (a) Horizontal section through the brain of the terebellid polychaete Pista cristata. 
Serotonin immunoreactivity and cell nuclei labelings reveal a close resemblance to the 
neuroanatomical conditions observed in the terebellid species E. nebulosa and T. cincinnatus. (b) 
Neuroanatomy of the brain in the sabellid polychaete Branchiomma bombyx as revealed by FMRF-
like immunoreactivity. Similar to the condition in S. penicillus, the neuropil forms two fiber masses 
which are dorsally connected by a narrow neuropil band. Homogeneously distributed neuronal 
somata, some of them showing FMRF-like immunoreactivity, surround the brain. (c) FMRF-like 
immunoreactivity in horizontal brain sections of Sthenelais boa and (d) Aphrodita aculeata. Nuclear 
markers reveal numerous tightly packed cell bodies (gc) that surround the dorsal parts of mushroom 
body neuropils. Arrowheads: clusters of olfactory glomeruli. Scale bars: (a,c,d) 200 µm (b) 80µm.  
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bodies could in some cases be demonstrated to be closely associated with clusters of spheroid 
neuropils reminiscent of arthropod olfactory glomeruli. Less distinctive subcompartments of 
the annelid brain are unpaired midline neuropils which have been encountered in several 
polychaete representatives and which bear a remote resemblance to similar components in the 
arthropod brain. 
  
Figure 4.7 Consecutive horizontal sections through the head of Hesione pantherina (proceeding 
ventrad from a-d). The pictures show overlays of FMRFamide-like immunoreactivity (yellow, left 
half) and autofluorescence images (red, right half) with DAPI-labeled cell nuclei (blue). 
Immunostainings reveal intricate patterns in the dorsal part of the fiber mass (a, b). Paired 
aggregations of small globuli cells (gc) are situated in front of the anterior eyes (ae) and give rise to 
stalk-like neuropils which converge at the midline of the brain (outline in b). While the central parts 
of these neuropils are nearly devoid of immunostaining, scattered FMRFamide-like immunoreactivity 
can be observed in the peripheral parts. Ventrally, the globuli cell mass extends posteriorly, 
surrounding the central fiber mass which is now clearly separated into two hemispheres (c, d). Small 
spheroid subcompartments, reminiscent of olfactory glomeruli, can be discerned in the posterior 
region of each hemisphere (arrowheads in c). Autofluorescence also reveals a striation of the nervous 
tissue in the ventral part of the brain. ec circumesophageal connective, p palps, pa prostomial 
antennae, pe posterior eyes. Scale bar: 80µm. 
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Mushroom bodies 
 
Mushroom bodies are lobed neuropils that are formed by the processes of thousands of small-
diameter globuli cells located dorsally in the invertebrate central nervous system (Strausfeld et 
al. 1998). In arthropods, mushroom bodies are usually easily recognizable not only due to their 
characteristic shape (Farris and Roberts 2005), but also due to the fact that glial sheaths clearly 
delineate the neuropil from the surrounding neuronal tissue (Hähnlein and Bicker 1996). In 
polychaetes, the absence of cell nuclei dispersed along the borders of mushroom body 
neuropils (Figs. 4.7, 4.8, see also Fig. 2.4) indicates a lack of comparatively well-developed 
glial boundaries in the brain. Thus, borders of cerebral subcompartments like the mushroom 
bodies are often only barely perceptible by differences in tissue density and structure (Figs. 4.7, 
4.8, see also Fig. 2.8b,c). Among the investigated species, clearly demarcated mushroom 
bodies have been observed in N. diversicolor and the scale worm species H. areolata, L. clava, 
S. boa, and A. aculeata. In these species, densely assembled globuli cells form well-defined 
aggregations in the dorsal part of the brain, which give rise to lobed neuropils that are clearly 
distinguishable within the cerebral fiber mass (Figs. 4.6c,d, 4.8a). Detailed investigations in N. 
diversicolor, H. areolata, and L. clava have shown these neuropils to share many 
neuroarchitectural similarities with their arthropod namesakes (see Chapters 2, 3). Elaborate 
mushroom bodies are also present in the brain of H. pantherina, but show a slightly different 
organization. They also originate from dorsal aggregations of globuli cells, but instead of 
forming an arrangement of terminal lobes, the stem-like neuropils of both hemispheres appear 
to be contiguous, forming a continuum across the midline of the brain (Fig. 4.7b). This 
condition bears resemblance to the contiguity of mushroom bodies that is observed in 
chelicerates and onychophorans (Strausfeld et al. 2006a).  
Mushroom body neuropils are less conspicuous in other polychaete species. The dorsal part 
of the brain of N. hombergii contains well-defined globuli cell clusters, but the associated 
neuropils are only weakly demarcated and barely discernable from the surrounding fiber mass 
(Fig. 4.8b). The borders of the globuli cell clusters in P. maculata appear somewhat diffuse due 
to the loose assembly of the cell bodies. The boundaries of the stalk-like neuropils that emanate 
from the globuli cell clusters are also just faintly delineated and become obliterated as the 
 
► Figure 4.8 Comparison of mushroom body-like neuropils in various polychaetes. Images show 
overlays of autofluorescence (red), immunoreactivity (yellow) and nuclear labeling (blue) in 
horizontal sections through the brain (anterior is towards the top of the picture). (a) The mushroom 
bodies of Harmothoe areolata are composed of thousands of globuli cell bodies (gc) that give rise to a 
large and elaborate neuropil. The neuropil is connected to a posterior cluster of olfactory glomeruli 
(og). (b) In Nepthys hombergii, densely assembeld globuli cell bodies are associated with a poorly 
delineated neuropil (arrowheads). (c) Globuli cell somata in Phyllodoce maculata form a 
comparatively loose aggreagtion (dashed lines). Immunoreactivity reveals fibers emanating from the 
cell body assembly and forming a faintly delineated stalk within the cerebral fiber mass. Posteriorly, 
the stalk splits into two parts that bend medially. (d) Small-diameter cell bodies form hemispherical 
clusters (dashed lines) at the posterior margin of the brain of Tomopteris helgolandica. The clusters 
surround small protusions of the central fiber mass. (e) In Odontosyllis cf. fulgurans, an anterior and a 
posterior aggregation of small cell bodies are discernable. The anterior assembly surrounds a neuropil 
protrusion that forms branches within the cluster (asterisk). An neuropil projection also extends 
towards the posterior assembly. (f) In Lumbrineris cf. fragilis, the major part of the cerebral fiber 
mass is surrounded by small-diameter cell bodies. The somata show a homogeneous distribution and 
appaer not to be associated with distinctive neuropil compartments. arrow root of the 
circumesophageal connective, al anterior lobe, ey eye, pl posterior lobe. Scale bars: 80µm. 
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neuropils of both sides converge towards the midline of the brain (Fig. 4.8c), so that a 
contiguous mushroom body organization in this species could not be ascertained.  
In other polychaetes, lobed neuropil subcompartments are not discernable at all, although 
conspicuous clusters of small-diameter cells – usually indicative of mushroom bodies – are 
present. O. cf. fulgurans, T. helgolandica, and the scolecid species O. limacina all exhibit 
clusters of minute cell bodies but lack distinctive neuropils associated with them. Instead, the 
cell somata assemblies surround protuberances of the cerebral neuropil that extend into the 
core of the clusters. The protuberances can be small and undifferentiated, as observed in T. 
helgolandica (Fig. 4.8d) and O. limacina (Fig. 4.1b), or can show minor branching patterns, as 
evident in anterior cluster of O. cf. fulgurans (Fig. 4.8e). The occurrence of two completely 
separated cell clusters, situated anteriorly and posteriorly in each hemisphere, is an exceptional 
characteristic of the brain of O. cf. fulgurans. T. helgolandica and O. limacina exhibit only a 
Figure 4.9 Comparison of unpaired midline neuropils in an arthropod and various polychaete worms 
(marked by dashed lines). (a) Serotonin immunoreactivity in the brain of the hexapod representative 
Leucophaea maderae. The central complex of the arthropod brain is a characteristic unpaired midline 
neuropil comprising columnar and tangential components. (b) Histamine immunoreactivity reveals a 
small, crescent-shaped neuropil in the brain of Nereis diversicolor. (c) FMRFamide-like 
immunoreactivity shows a neuropil composed of tangential and columnar elements in the brain of the 
polychaete Eunice torquata. Tangential fibers projecting from laterally arranged cell bodies give rise 
to crescent-shaped fiber tangles in the brain of Harmothoe areolata (d, FMRFamide-like 
immunoreactivity) and Lepidonotus clava (e, serotonin immunoreactivity). Scale bars: 80µm. 
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single cell clusters per hemisphere, situated at a posterior position in the brain. The posterior 
location of these presumptive globuli cell clusters, as well as the apparent lack of associated 
neuropil subcompartments within the main fiber mass of the brain must be addressed as a 
possible pitfall in the identification of mushroom bodies in these species. With respect to the 
lack of a distinct neuropil, the observed structures might be interpreted as primordial, poorly 
differentiated mushroom bodies, similar to the mushroom body-like neuropils that have been 
described in polyclad platyhelminthes (Hadenfeld 1929, Turner 1946, Keenan et al. 1981, 
Strausfeld et al. 1998). However, contrary to the condition in T. helgolandica and O. limacina, 
the globuli cells in platyhelminthes are reported to reside at the anterior-lateral border of the 
brain. Given the lack of a general, specific marker for globuli cells (Johard et al. 2008), tests 
for a possible immunoreactivity of the globuli-like cells against taurine, aspartate, and 
glutamate might provide a means to clarify the true identity of these neural structures in the 
polychaetes. In insects, antibodies directed against these neuroactive amino acids have been 
shown to produce immunostaining in specific subpopulations of globuli cells (Sinakevitch et 
al. 2001). However, preliminary studies employing taurine-antisera on vibratome sections of N. 
diversicolor generated only diffuse and probably unspecific staining in the mushroom bodies 
(see Chapter 2). Thus, evidence for the presence of mushroom bodies in O. cf. fulgurans. T. 
helgolandica and O. limacina remains inconclusive so far.  
 A specific marker for globuli cells would also be beneficial for a closer investigation of the 
dense cell body assemblies that have been observed in two more polychaete taxa, E. torquata 
and L. cf. fragilis (Figs 4.3b, 4.4a, 4.8f). In these species, minute cells show a significantly 
different distribution than in other polychaete representatives. The cell aggregations are not 
restricted to comparatively small regions of the brain but form a single mass that surrounds the 
anterior part of the cerebral fiber mass in E. torquata, and in L. cf. fragilis extends to encase 
the fiber mass almost completely. Due to their predominant distribution and the absence of 
distinctive neuropils within the brain, the cell clusters cannot be regarded as indicative of the 
presence of mushroom body-like neuropils in these species at the present state. 
 Finally, neuroanatomical analyses provided no evidence for the occurrence of mushroom 
body neuropils in A. marina, the terebellid species E. nebulosa, P. cristata, and T. cincinnatus, 
the sabellid species B. bombyx and S. penicillus, as well as in the clitellate representatives H. 
medicinalis and L. terrestris. 
 
Olfactory glomeruli 
 
Olfactory glomeruli are spheroidal neuropils that represent first order integration centres for 
odour information (Eisthen 2002). Usually occurring in clusters, such neuropils have been 
described in arthropods, molluscs, and vertebrates (Strausfeld and Hildebrand 1999). The 
occurrence of olfactory glomeruli has also been reported for the polychaete species Arctonoe 
vittata GRUBE 1855 and Nereis vexillosa GRUBE 1851, where they relay information to 
mushroom body neuropils (Strausfeld et al. 1998). The observations of the current study are 
largely in accordance with these descriptions, as olfactory glomeruli could be identified in 
nereid N. diversicolor and the scale worm species H. areolata, L. clava, and A. aculeata. 
Furthermore, small globular subcompartments possibly representing olfactory glomeruli were 
also discovered in the brain of H. pantherina (Fig. 4.7c). Considering that in arthropods, 
olfactory glomeruli provide the predominant sensory input to the mushroom bodies (Strausfeld 
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et al. 1998), it is hardly surprising that the occurrence of olfactory glomeruli in the polychaete 
brain coincides with the presence of well-developed mushroom bodies. However, just like the 
mushroom body neuropils, olfactory glomeruli were observed to show varying degrees of 
differentiation between different species. The most pronounced glomerular clusters were 
observed in L. clava, while the glomeruli in H. areolata and A. aculeata were less clearly 
demarcated. In N. diversicolor, the presence of olfactory glomeruli could only be confirmed by 
retrograde tracing experiments (see chapter 3). Thus, the occurrence of less well differentiated 
olfactory glomeruli in the brain of polychaetes that possess equally less well differentiated 
mushroom bodies (e.g. N. hombergii) cannot be ruled out. Moreover, the possibility of a direct 
innervation of the mushroom bodies, as demonstrated for N. diversicolor (see Chapter 3), 
provides an alternative pathway for the transmission of odor information to the mushroom 
body neuropils that might also be utilized in other polychaete species. 
 
Unpaired midline neuropils 
 
In this account, the general term ‘unpaired midline neuropil’ is applied to hitherto unspecified 
neuropils that span the midsagittal plane of the brain; the term does not imply homology 
between individual unpaired midline neuropils encountered in different species.  
Unpaired midline neuropils have been observed in only a limited number of the 
investigated annelid species (Fig. 4.9). This might well be due to the fact that these cerebral 
substructures – in contrast to midline neuropils in the arthropod brain, like the tetraconate 
central body or the chelicerate arcuate body – do not show definite boundaries in the form of 
glial sheaths. Instead, the midline neuropils were found to be tightly interwoven with the 
surrounding fiber mass and were only distinguishable if the neuropil showed pronounced 
immunoreactivity towards the applied antiserum. Unpaired midline neuropils occurred only in 
polychaete representatives and exhibited different degrees of differentiation. The most simple 
organization was encountered in N. diversicolor, where the unpaired midline neuropil consists 
of a small, crescent-shaped fiber tangle with no apparent internal differentiation (Fig. 4.9b). A 
more complex organization was observed in the unpaired midline neuropil of E. torquata, 
which comprises commissural elements that are linked by an arrangement of discrete fiber 
bundles (Fig. 4.9c). The unpaired midline neuropils in the polynoid species H. areolata and L. 
clava are situated in the ventral part of the brain and can be considered homologous due to 
their architectural commonalities. The neuropils consist of fiber tangles that comprise 
ramifications of neurites that extend along the lateral axis of the brain, forming characteristic 
intersections (Fig. 4.9d,e). Their neuronal somata are located in two groups on both sides of the 
brain. In L. clava, additional fibers could be observed to enter the neuropil perpendicularly 
(Fig. 4.9e).  
Among the unpaired midline neuropils of the polychaete brain, those observed in L. clava 
and E. torquata bear faint resemblance to midline neuropils of the arthropod brain. The 
perpendicular arrangement of neurite bundles, particularly in E. torquata, is reminiscent of the 
tangential and columnar organization of the central body in tetraconates (Fig. 4.7a) or the 
arcuate body in chelicerates. However, in the polychaetes, the fiber bundles do not appear to 
form distinct layers or the chiasmic patterns that are characteristic for unpaired components in 
the arthropod central nervous system (Strausfeld et al. 2006a,b). Furthermore, the specific 
connectivities of these neuropils to other parts of the polychaete brain still remain inconclusive, 
impeding attempts at homologizing these structures with unpaired midline neuropils in 
arthropods. 
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A detailed knowledge about the internal structure of the central nervous system is an essential 
prerequisite in the quest to understand neural functions like perception, learning, memory, or 
behavior. Being comparatively simple and amenable, the nervous systems of invertebrates have 
been subject to a wealth of neuroanatomical studies and have served to answer many 
fundamental neurobiological questions. However, this rich body of investigations is clearly 
biased towards a limited number of model organisms, many of which fall into the arthropod 
radiation. This situation impedes attempts at a comparative analysis of the anatomical 
organization of nervous systems across a wider range of taxa, which could help us to 
understand how these most complex structures evolved. The main objective of this thesis, 
therefore, was to increase and to critically re-evaluate the neuroanatomical information 
available for a less well-investigated taxon, the annelid worms. Towards this end, 
immunohistochemical methodology was used to examine the architecture of the brain in a 
variety of different annelid taxa, putting special emphasis on the identification, description, and 
inter-taxonomic comparison of higher brain centers. 
 
The first part of the thesis was dedicated to providing an accurate and throughout description of 
the neuroanatomy in a single annelid representative, the polychaete N. diversicolor. 
Neuroanatomy was examined in over 35 specimens. Initial experiments used antisera directed 
against serotonin, FMRF-amide, and histamine to mark subpopulations of neurons and to 
reveal the basic architecture of the brain. The distribution of immunoreactive cells was mapped 
for each antiserum, and two prominent brain centers, namely the central optic neuropil and the 
paired mushroom bodies, were identified and analyzed in detail. Additional experiments 
employed specific antibodies and retrograde staining techniques to further elucidate and 
characterize the neuroanatomy of these brain centers.  
Although the central optic neuropil was found to share some neuroanatomical 
commonalities with comparable midline neuropils of the arthropod brain (i.e. the chelicerate 
arcuate body and the tetraconate central body), a homology assignment was discouraged by the 
absence of columnar fibers innervating the neuropil perpendicularly to its lateral axis and 
forming characteristic chiasmata at the midline of the brain. In contrast, a detailed 
neuroanatomical analysis of the mushroom bodies in N. diversicolor demonstrated a close 
resemblance between these neuropils and their arthropod namesakes and confirmed earlier 
homology assessments (Holmgren 1916, Hanström 1928, Strausfeld et al. 1995, 1998). Criteria 
that support a homology can be summarized as follows: a) A common architecture that is 
characterized by dorsally located aggregations of tightly packed globuli cells that give rise to 
distinctive neuropils comprising a calyx region, a peduncle, and an arrangement of terminal 
lobes. b) A similar neuroarchitectural integration where the calyces act as input regions that 
receive chemosensory information either from direct innervation or from olfactory glomeruli 
and where the lobes represent the main output regions of the neuropils. c) A presumably 
similar function as second-order neuropils of the olfactory pathway and higher integrative 
centers in the brain.  
Recently, the anatomy-derived homology assessments have been backed up by 
developmental studies investigating gene expression patterns in larvae of the nereid polychaete 
Platynereis dumerilii (Tomer 2009). The brain of adult P. dumerilii contains mushroom body 
neuropils that are strikingly similar to those of N. diversicolor. During ontogeny, the 
mushroom body anlagen of P. dumerilii were observed to express the same combination of 
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genes that is characteristic for the developing mushroom bodies of Drosophila melanogaster, 
namely dachshund (Dach), paired box gene 6 (Pax6), brain factor 1 (BF1), and seven up (Svp) 
in the absence of eyes absent (Eya) and sine oculis (So). The investigation of additional genes 
reported to be expressed in the mushroom bodies of D. melanogaster revealed further 
similarities in the ‘molecular fingerprint’ of the mushroom bodies. In light of the ‘new animal 
phylogeny’ (see Chapter 1), these studies provide independent and therefore significant support 
for the homology of annelid and arthropod mushroom bodies.  
Prior to the demise of the Articulata, the homology of mushroom bodies had been regarded 
as one of the unifying features of segmented protostomes (Holmgren 1916, Hanström 1928, 
Wägele et al. 1999, Scholtz 2002). However, with growing evidence for a monophyletic 
Ecdysozoa and Lophotrochozoa (Aguinaldo et al. 1997, Halanych et al. 1995, de Rosa et al. 
1999, Peterson and Eernisse 2001, Mallatt and Winchell 2002, Philippe et al. 2005, Dunn et al. 
2008; and references therein) the interpretation of mushroom bodies as a synapomorphic 
character of annelids, onychophorans, and arthropods seems no longer sustainable. In accepting 
the homology of the mushroom body neuropils in annelids and (pan-)arthropods on the one 
hand, and the validity of the ‘new metazoan phylogeny’ on the other hand, the occurrence of 
globuli cells that give rise to distinctive cerebral neuropils has to be regarded as a 
plesiomorphic character trait of all protostomes (see Fig. 1.1). However, as comparably well-
developed mushroom bodies have not yet been identified in any other protostome taxon, this 
assumption would implicate wide-spread secondary reductions in most protostome taxa. 
Within Annelida, a wide-spread loss of mushroom body neuropils appears to be traceable, as 
shall be discussed later. Among arthropods, Crustacea are the only group in which the 
occurrence of mushroom bodies still remains doubtful (Strausfeld et al. 1998). While 
analogous neuropils of the crustacean brain, the so-called hemiellipsoid bodies, have been 
interpreted as mushroom body homologues by Hanström (1928), Strausfeld (1998) rejected 
this homology assessment due to the deviating morphology of the crustacean hemiellipsoid 
bodies and proposed a loss of mushroom bodies in Crustacea. Mushroom bodies are not 
present in the basal hexapod taxa (Farris 2008). In insects, mushroom bodies are lacking in the 
wingless Archaeognatha (Strausfeld et al. 2009) and are greatly reduced in secondarily 
anosmic insects (Strausfeld et al. 1998). All other arthropods seem to possess mushroom body 
neuropils (Strausfeld et al. 1998). Well-developed mushroom bodies have also been described 
in the onychophoran Euperipatus roweli (Strausfeld et al. 2006a,b). Conclusive evidence for 
mushroom body neuropils in other protostomes is scare. Cerebral structures in polyclad 
platyhelminthes have frequently been interpreted as mushroom bodies or mushroom body 
forerunners (Bullock et al. 1977, Strausfeld et al. 1998). Described in the flatworm species 
Notoplana acticola (Hadenfeld 1929, Keenan et al. 1981) and Leptoplana acticola (Turner 
1946), these structures are composed of two clusters of small-diameter cells that are located 
anterio-laterally of the cerebral neuropil and send axonal projections into the fiber mass. 
Aggregations of minute cell somata in the brain of nemerteans have also been likened to mushroom 
body globuli cells due to their connectivity with glomeruli-like neuropil compartments (Hanström 
1928, Turner 1946). In molluscs, the existence of mushroom body-like neuropils has not yet been 
convincingly demonstrated. The cerebral ganglia of gastropods and cephalopods are known to 
comprise dense aggregations of small-diameter cell bodies that are commonly referred to as globuli 
cells (Bullock et al. 1977). In the pulmonate snail Helix aspersa, the majority of these cells gives 
rise to neurites that are intrinsic to the procerebrum of the brain (Ratté and Chase 1997). Receiving 
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chemosensory input from tentacular ganglia and glomeruli via the olfactory nerve (Chase 1986), the 
procerebrum of pulmonate gastropods is assumed to act as a secondary integrative center of the 
olfactory pathway (Matsuo et al. 2009). Although its organization differs from that of the mushroom 
bodies, the procerebrum has therefore been regarded as a possible analogue of the arthropod 
mushroom bodies (Ratté and Chase 1997). The neuroanatomy of cephalopods is highly complex, 
and mushroom body-like neuropils have not yet been identified in this group. However, dense 
assemblies of minute cells are also evident in one of the most basal molluscan taxa, the 
caudofoveates (Faller, pers. comm.). Here, the cells are organized in 3-6 paired aggregations that are 
situated at the anterior margin of the brain (Salvini-Plawen 1972). In Chaetoderma japonicum, there 
are 4 pairs of these so-called precerebral ganglia, each of which is associated with a small neuropil 
subregion. Input to these neuropil compartments is provided by nerves from the oral shield, which 
are presumed to convey chemosensory information (Shigeno et al. 2007). However, Shigeno et al. 
(2007) also stated that the precerebral ganglia do not represent ‘globuli-like cell clusters’, as globuli 
cells cannot be distinguished from other cell types due to the uniform size of the neuronal somata in 
C. japonicum.  
The evolutionary origin of mushroom body neuropils has long been debated. Recently, Farris 
(2008) stated that “given their patchy distribution across the protostome phylogenetic tree (…) 
it seems likely that despite their similarities, these structures are not homologous” and that “the 
distribution of mushroom bodies in the arthropods alone makes a good case for at least two 
independent origins of these higher brain centers”. However, in light of the striking similarities 
between annelid, onychophoran, and arthropod mushroom bodies, and comparable brain 
centers in other protostome taxa with a centralized nervous system (platyhelminthes, 
nemerteans, and molluscs), the assumption of a purely convergent evolution does not seem 
entirely convincing. While parallel evolution as a result of similar selective pressures probably 
accounts for dissimilarities in the differentiation of mushroom body-like neuropils in different 
groups, experiments from the field of evolutionary developmental biology suggest that the 
occurrence of similar brain centers in distantly related animals might be explained by an 
ancient gene regulatory network that was already present in the last common ancestor of all 
bilaterian animals (Tomer 2009). The presence of a centralized nervous system in Urbilateria 
had already been indicated by Dohrn (1875), who had proposed the dorsal central nervous 
system of vertebrates to be homologous to the ventral central nervous systems of invertebrates. 
Dohrn’s hypothesis of a dorso-ventral inversion has recently been revived by an accumulating 
body of investigations revealing strikingly similar genetic patterning mechanisms involved in 
the formation of the insect, annelid, and vertebrate central nervous systems. In D. 
melanogaster, P. dumerilii, and in vertebrates, the distribution of neural precursors along the 
dorsoventral axis is regulated by two opposing gradients of orthologous morphogens 
(Lichtneckert and Reichert 2005, Denes et al. 2007). In invertebrates, the antineural gene 
decapentaplegic (dpp) is expressed dorsally and is antagonized by the ventral expression of the 
neurogenic short gastrulation (sog) gene. The vertebrate orthologue to dpp is bone 
morphogenetic protein 4 (BMP4), which is expressed ventrally and antagonizes the dorsally 
expressed sog homologue Chordin. Further patterning of the central nervous system anlagen 
into mediolateral regions is also highly conserved in protostomes and deuterostomes. 
Longitudinally arranged neurogenic columns are formed and specified by a similar sequence of 
orthologous homeobox genes in both groups: nk2.2 (medially), gsx (mediolaterally), and msx 
(laterally). Lately, investigations in P. dumerilii have even revealed additional median pax6 
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and lateral pax3/7 columns that are also expressed in vertebrates (Denes et al. 2007, Arendt et 
al. 2008). Moreover, the longitudinal neurogenic regions give rise to conserved neuron types in 
protostomes and deuterostomes. The medial nk2.2 column in insects, annelids, and vertebrates, 
for example, gives rise to neurons that pioneer the longitudinal nerves and form serotonergic 
neurons involved in locomotor control (Denes et al. 2007). Additional conserved neuron types 
shared by P. dumerilii and vertebrates include early differentiating neurosecretory cells that 
synthesize a highly conserved neuropeptide and cells of the molecular clock that express 
bmal/cycle (Arendt et al. 2008).  
The conserved genetic patterning mechanisms underlying the formation, regionalization, 
and specification of the central nervous systems in protostomes and deuterostomes indicate that 
these groups have inherited a notably centralized and considerably complex neuroarchitecture 
from the last common ancestor, Urbilateria (Arendt et al. 2008). In light of the identification of 
conserved neuron types in annelids, arthropods, and vertebrates, it is tempting to speculate that 
the central nervous system of the last common ancestor of all bilaterian metazoans already 
comprised globuli-like cells. These cells could have provided a neural raw material which was 
molded by similar selective pressures into mushroom bodies in annelids, onychophorans, and 
arthropods, into mushroom body-like structures in platyhelminthes and nemerteans, into 
integrative olfactory centers in molluscs, and into the telencephalon in vertebrates.  
 
The last part of the thesis was focused on tracing the distribution and diversity of annelid 
mushroom bodies and other higher brain centers in a broad taxonomic range. As in previous 
studies, neuroanatomy was examined by immunohistochemistry, employing antibodies 
directed against serotonin, FMRF-amide, and histamine in combination with a nuclear marker. 
Representatives of more than 20 species were examined, covering most major groups of the 
annelid radiation. A considerably complex neuroarchitecture was only encountered in a limited 
number of polychaete taxa. Mushroom bodies, sometimes associated with olfactory glomeruli 
(*), were identified in the genera Aphrodita*, Harmothoe*, Hesione*, Lepidonotus*, Nereis*, 
Neoleanira, Nephtys, Phyllodoce, and Sthenelais. Furthermore, distinctive aggregations of 
globuli-like cells, usually indicative of mushroom bodies, were observed in Odontosyllis, 
Ophelia, and Tomopteris. Mushroom body neuropils were found to be lacking in the 
polychaete genera Arenicola, Branchiomma, Eupolymnia, Eunice, Lumbrineris, Pista, Sabella, 
Scalibregma, and Thelepus, as well as in the clitellate representatives Lumbricus and Hirudo. 
Unpaired midline neuropils of a so far unknown function were described in Nereis, 
Harmothoe, Lepidonotus, and Eunice. 
For lack of a well-resolved and robust annelid phylogeny, genera were grouped according 
to the cladistic analysis provided by Rouse and Fauchald (1997). Although recent molecular 
studies have demonstrated that the major clades proposed by Rouse and Fauchald cannot be 
regarded as monophyletic groupings (Struck et al. 2007, Zrzavý et al. 2009), the provisional 
classification of the investigated species into Clitellata, Scolecida, Canalipalpata, and Aciculata 
served to show that the occurrence of mushroom bodies is largely restricted to aciculate 
representatives. Outside Aciculata, conspicuous aggregations of small-diameter cell bodies, 
possibly indicating the presence of mushroom body neuropils, were only observed in the 
scolecid genus Ophelia. However, the notion that these structures in Ophelia indeed allude to 
the presence of mushroom body neuropils is somewhat discouraged by the occurrence of 
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similar somata assemblies in the closely related Scalibregma that were not interpreted as 
mushroom bodies due to the lack of a core neuropil.  
Aciculata retains the highest support of Rouse and Fauchald’s clades, (Rouse and Fauchald 
1997, Struck et al. 2007, Zrzavý et al. 2009) and contains most of the species that had formerly 
been united in the grouping ‘Errantia’. The presence of mushroom bodies in errant polychaetes 
– characterized by a motile, often predatory or scavenging lifestyle and equipped with a variety 
of well-developed sensory organs – seems understandable in light of the presumptive function 
of these brain centers. Among arthropods, mushroom bodies are best investigated in insects, 
where they are generally assumed to act as integrative brain centers that play a cardinal role in 
olfactory processing and spatial, associative, and context-dependent learning and memory 
(Farris 2008, Strausfeld et al. 2009). Commonalities in the neuroarchitectural organization and 
integration of annelid and arthropod mushroom bodies point towards a similar function of these 
neuropils in the brain of aciculate polychaetes. It is easily imaginable how such cognitive 
abilities could translate into an evolutionary advantage in free-living animals that have to adapt 
their behavior to changing environmental demands. For example, learning, memory formation, 
and decision making have been shown to correlate positively with fitness by increasing 
foraging success (Raine and Chittka 2008) and growth rate (Dukas and Bernays 2000) in 
insects. In terms of mushroom body morphology, comparative neuroanatomical studies in 
beetles have revealed neuropil structure to be linked with the evolution of different feeding 
ecologies, as generalist feeders usually display larger and more complex mushroom bodies 
than specialist feeders (Farris and Roberts 2005). In other insects, mushroom body size has 
been demonstrated to correlate positively with learning abilities and to be influenced by 
experience (Snell-Rood et al. 2009). These studies from arthropods indicate that mushroom 
bodies could be of a similar adaptive value in coordinating prey finding, predator avoidance, 
mate choice, and other behaviors in errant polychaetes. Cognitive abilities come at a price, 
though, since information processing and storing, as well as the development and maintenance 
of neural structures involved in learning and memory, are energetically costly (Laughlin et al. 
1998, Dukas 1999, Mery and Kawecki 2003). The evolutionary tradeoff between information 
processing capacity and other fitness-related traits (Dukas 1999, Mery and Kawecki 2003) 
might provide an explanation for the relatively simple neuroanatomy and the lack of mushroom 
bodies observed in other polychaetes, as well as in clitellate representatives. In taxa living in 
comparatively consistent environments, the fitness gain associated with learning and memory 
abilities can be expected to become negligible in relation to the costs involved in building and 
maintaining a suitably complex nervous system. This notion finds further support in the 
apparent dispensability of elaborate sensory structures (e.g. eyes, palps, antennae, cirri, nuchal 
organs) in most sedentary and infaunal annelid species. Thus, the relatively simple 
neuroarchitecture observed in infaunal/sedentary annelids with a detritus/suspension feeding 
ecology can probably be attributed to selective pressures that do not favor the evolution of 
complex brains.  
That said, the varying grades of cerebral complexity observed in different annelids give rise 
to the question whether the simple neuroarchitecture and the lack of mushroom bodies in non-
aciculate annelids is to be interpreted as an ancient evolutionary trait, or rather as a result of a 
secondary reduction in complexity? In keeping with the traditional view of animal evolution, as 
a gradual progress from simple to ever more complex forms, annelid mushroom bodies could 
intuitively be interpreted as a derived, unifying feature of aciculate polychaetes. Conversely, 
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one of the central implications of the ‘new animal phylogeny’ is that metazoan evolution can 
no longer be regarded as a gradual succession of increasingly complex forms and that 
secondary simplifications and reversals are probably far more wide-spread than formerly 
thought.  
Regressive changes in neural complexity are commonly attributed to a narrowing of the 
ecological niche in a monotonous and extremely simplified environment and a cessation of 
mobile life (Kaufman 2008), and can also be observed in sessile, semi-sessile, and parasitic 
forms of other taxa (Bullock 2002). The nervous system in none-parasitic cirripedes, for 
example, is much simpler than that of free-swimming Crustacea, lacking a distinctive 
tripartition and comprising only an estimated 200 neurons in Balanus nubilus (Gwilliam 1987). 
However, the presence of a more elaborate central nervous system in the barnacle cypris larva 
shows that the simple nervous system of the adult form results from a partial neural 
degeneration after settlement, and illustrates the need for coordinating a response to settlement 
cues in the vagile form (Harrison and Sandeman 1999, Harzsch 2006). Similarly, the nervous 
system of the highly derived, parasitic rhizocephalic cirripeds is also largely reduced. 
Comparable trends can also be observed in bivalve molluscs, in brachiopods, and in parasitic 
cestodes, illustrating that comparatively simple neuroarchitectures do not necessarily reflect 
ancestral conditions. 
The problem of dealing with secondary character losses is also reflected in the cladistic 
analysis of Rouse and Fauchald (1997), which placed Clitellata at a basal position in the 
annelid radiation – an inference that was brought about by the extensive lack of morphological 
structures in clitellates (e.g. palps, nuchal organs, parapodia, etc.) and the indiscriminative 
‘absent/present’ coding in the character matrix (Rouse and Fauchald 1998, Bartolomaeus et al. 
2005). In contrast, recent molecular studies (Struck et al. 2007, Zrzavy et al. 2009) suggest that 
clitellates are derived polychaetes, which would render the phylum Annelida paraphyletic. 
Concerning the root of the annelid radiation, though, these studies have also not been able to 
provide a robust and convincing resolution, proposing a basal position of chaetopterids, 
magelonids, and/or oweniids. A different approach in the quest to identify the most basal 
annelid taxa lies in outlining evolutionary scenarios to characterize the ground pattern of 
annelids on the basis of morpho-functional considerations (Westheide et al. 1999, Purschke 
2002, Bartolomaeus et al. 2005). Such studies propose that the annelid stem species was a 
marine organism (Bartolomaeus et al. 2005) with a homonomously segmented body, biramous 
parapodia, pygidial cirri, and a large prostomium with palps and antennae (Purschke 2002). 
Among recent annelids, this organization largely corresponds to the bauplan of errant 
polychaetes. 
It thus appears reasonable to attribute the simple neuroarchitecture and the prevalent lack of 
mushroom bodies in non-aciculate annelids to wide-spread secondary reductions in cerebral 
complexity, and to regard aciculate neuroanatomy as referring to the ancestral annelid 
condition. The presence of mushroom bodies is therefore probably an ancestral trait in 
annelids, which has been retained in aciculate polychaetes but has been lost in most other 
annelid taxa – a notion that is also in agreement with the argument presented in the previous 
paragraph. In this light, the tightly assembled cell somata observed in Ophelia might represent 
vestiges of largely reduced mushroom bodies. Though no neuroanatomical evidence for 
mushroom bodies could be detected in the investigated sedentary species, reports of mushroom 
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bodies in Serpula (Hanström 1927) and in another sabellid (Strausfeld, pers. comm.) indicate 
that mushroom bodies have also been retained in some sedentary polychaete species.  
Within aciculate polychaetes, evolutionary trajectories of mushroom body neuropils still 
remain enigmatic. Varying grades of mushroom body differentiation in different species have 
led early authors to propose that polychaete mushroom bodies evolved from simple to 
increasingly complex structures, culminating in the elaborate neuropils of polynoid polychaetes 
(Hanström 1927, 1928). In the current study, polynoid polychaetes showed indeed the most 
complex neuroanatomy of all species investigated. However, in light of the arguments 
presented above, caution seems warranted in inferring phylogenetic implications from this 
observation. The largest and most elaborate mushroom bodies to be found in arthropods occur 
in the horseshoe crab Limulus polyphemus (Fahrenbach 1977, 1979) – commonly regarded as a 
living fossil.  
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